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ABSTRACT 
The widespread use of chromium in industry has resulted in large 
chromium waste to be disposed off into the environment. Unlike other heavy 
metals such as cadmium and lead, the chromium is found in several forms 
and the different toxicity of trivalent and hexavalent chromium makes the 
assessment of potential health a challenging undertaking. Hexavalent 
chromium compounds tend to be more mobile and toxic than trivalent 
chromium compounds. There is an abundance of literature documenting the 
carcinogenicity of several hexavalent chromium compounds. Furthermore, 
exposure to hexavalent compounds causes ulceration of the skin, perforation 
of nasal septum, inflammation of the larynx and damage to kidneys and 
lungs. Also trivalent chromium is an essential element in human diet and 
deficiency in trivalent chromium is linked with poor sugar metabolism. 
Several technologies are available for the removal of hexavalent 
chromium from wastewater. A number of methods are used for decades such 
as precipitation, co-precipitation and concentration. These processes simply 
remove chromium from wastewater by reduction, coagulation and filtration. 
Although these techniques successfiilly remove chromium and other heavy 
XVlll 
metals from wastewater, they produce solid residues containing toxic 
compounds. Their final disposal is generally done by land filling with 
relatively high costs and with a possibility of ground water contamination. 
The removal of pollutants fix)m liquid wastewater does not solve the 
problem of polluted environment until and unless the residues are disposed 
off safely. It is likely that the presence of organic ligands and / or acidic 
conditions m the environment may increase Cr (III) mobility, and also 
Mn02, present in soil, could oxidize Cr (III) to more toxic and mobile Cr 
(VI) forms. Hence the practice of land filling and land application of 
chromium containing sludges should be discouraged. 
In recent years emphasis is paid on methods of recovery and reuse of 
metals rather than their disposal. These include adsorption, liquid - liquid 
extraction, liquid membrane separation, ion exchange, biosorption and 
chelating resins and reactive polymer methods. However, among them, 
adsorption is extremely effective, cheap and easy method to operate. India is 
an agricultural country and generates considerable amount of agricultural 
wastes such as sugar cane bagasse, coconut jute, nut shell, rice straw, rice 
husk, waste tea leaves, ground nut husk, crop wastes, peanut hulls, compost 
wastes etc. Successful studies have proved these beneficial for the 
developing countries. The contemporaiy investigations highlight the use of 
commercially activated carbon, which is relatively expensive and less 
feasible to use in developing countries. There is immediate need for simple 
and cheap methods for monitoring and controlling pollution. 
In view of these aspects, an attempt was made in the present study to 
evaluate the potential of agricultural waste adsorbents to remove hexavalent 
chromium fix)m the wastewater by adsorption. Each adsorbent was scanned 
by electron microscope before and after adsorption for morphological 
characterization and changes. In order to understand the adsorption behavior 
and the adsorption potential a number of batch and column experiments 
were conducted on adsorbent-adsorbate system. The effects of adsorbent 
dose, influence of pH, initial Cr (VI) concentration, contact time, particle 
size and temperature on the potential of adsorbents to remove chromium 
from wastewater were studied. The results obtained indicate the rapid 
removal of chromium in the initial stages followed by a slow adsorption up 
to saturation. The chromium uptake capacity of all the adsorbents 
investigated is found to be high in the lower pH range. Chromium adsorption 
follows first order rate equation. The adsorption data obtained for adsorbents 
is found to fit well the Freundlich isotherm for coconut shell and neem bark. 
XVlll 
The Langmuir isotherm is suitable for raw sugarcane bagasse. The negative 
values of free energy changes indicate the spontaneous nature of the process. 
Positive values of enthalpy change indicate the endothermic nature of 
adsorption on coconut shell and neem baric and exothermic for raw 
sugarcane bagasse. Thermodynamics parameters indicate the feasibility of 
the process. Kinetic studies were performed to understand the mechanism of 
adsorption. Column studies were carried out to compare these with batch 
capacities. 
Desorption / leaching tests were conducted for all the adsorbents 
after their use. The experiments indicate that chromium was not desorbed 
from any of the adsorbents. Thermal regeneration of adsorbent is likely to 
cause air pollution problems and chemical regeneration will lead to 
increased water pollution. It is therefore not desurable to regenerate non-
conventional adsorbents in view of their low cost and ease of availability. 
Non-conventional adsorbents such as sugar cane bagassess, coconut jute, nut 
shell, neem baric, rice straw, rice husk, waste tea leaves, ground nut husk, 
crop wastes, peanut hulls, fertilizer wastes etc. are combustible and can be 
easily burnt to reduce the volume. 
Vll 
It is very difficult to estimate the costs involved until pilot plant 
studies are made. The data obtained in the study are sufficient to design a 
pilot plant. Although some cost analysis was done, it is proposed that pilot 
plant studies should be conducted in order to scale-up the process and 
determine the realistic cost benefit analysis. 
VIll 
CHAPTER ONE 
1.0 Introduction 
1.1 General 
The conlinually increasing demand for water for beneficial purposes has forced 
man to assess and examine water reuse technologies more seriously than ever. 
Regardless of origin, industrial wastewater, after proper treatment, represents another 
ample and reusable water source. Water pollution due to toxic heavy metals has been a 
major cause of concern to scientists and engineers. Several mishaps due to heavy metal 
contamination in aquatic environment increased the awareness about heavy metal 
toxicity. Public awareness for pollution caused by heavy metals is now worldwide. 
Among the many heavy metals, lead (Pb), mercury (Hg), cadmium (Cd), arsenic (As), 
chromium (Cr), zinc (Zn), and copper (Cu) are of most concern, although the last three 
metals are essential nutrients for animals and human. They find wide spread usage in 
industries. These metals enter the environment wherever they are produced, used or 
discarded. They are very toxic because as ions or in compound forms, they are soluble 
in water and may be readily absorbed into living organisms. After absorption, these 
metals can bind to vital cellular components such as structural proteins, enzymes, and 
nucleic acids, and interfere with their normal functioning. In humans, some of these 
metals even in small amounts, can cause severe physiological and health disorders. 
The compound of chromium, especially hexavalent chromium, are known to be 
detrimental to human beings, plants, animals and aquatic life (Stomberg, 1984; Tondon, 
1982). Over exposure of chrome workers to chromium dust and mists will cause 
irritation and corrosion of skin, respiratory track and probably lung carcinoma (Hayes, 
1982). Ingestion may cause epigastric pain, nausea, vomiting, severe diarrhea and 
hemorrhage (Browing, 1969). On the other hand, trivalent chromium has been found to 
be an essential trace element in the human diet and deficiency in trivalent chromium has 
been linked with poor sugar metabolism (Katz, 1991). 
Naturally occurring chromium is chiefly in the form of chromites (CriOs) or 
chrome-ore (FeO-CriOs). Chromium compounds are widely used in the electroplating 
of metal for corrosion resistance, plastic coating of surfaces for water and oil resistance, 
leather tarming and metal finishing, and in pigments and wood preservative etc. and 
consequently discharging hexavalent chromium bearing wastewater. Anthropogenic 
production of hexavalent chromium in smaller amounts is through drilling mud, rust and 
corrosion inhibitors, textiles and toner for copying machines (Sujatha, et al., 1995). 
Hence it is a challenging task for the industrialists and environmentalists to dispose off 
waters containing heavy metals safely and effectively. 
There are many techniques for the treatment of chromium bearing effluents, 
some of which are well established that have been in practice for decades such as 
precipitation, co-precipitation (Patterson and Passino, 1987), and concentration. These 
processes simply remove chromium from wastewater by reduction (Shen and Wang. 
1995), coagulation and filtration. Although these technologies are quite satisfactory in 
terms of purging chromium and other heavy metals from wastewater, they produce solid 
residues containing toxic compounds whose final disposal is generally by land filling. It 
involves high costs and has possibility of ground water contamination. From 
environmental point of view, removing pollutants from liquid wastewater does not solve 
problem but transfer it from one phase (usually liquid) to another phase (usually solid). 
There is possibility that the presence of organic ligands and / or acidic conditions in the 
environment increases Cr (III) mobility, and also Mn02, in the soil, could oxidize Cr 
(III) to more toxic and mobile Cr (VI) forms (Heary and Ray, 1987). Accordingly, the 
practice of land filling and land application of chromium contaminating sludge should 
be discouraged. 
In recent years, the use of adsorption techniques for the removal of heavy metals 
has received global attention (Raji, et al., 1998; Ajmal, et al., 1995, 2000; Huang, et al., 
1975). Chemical contaminants at low concentrations are difficult to remove from the 
wastewater. Chemical precipitation, reverse osmosis and other methods become 
inefficient when contaminants are present in trace concentrations. The process of 
adsorption is one of the few alternatives available for such situations (Huang and 
Morehart, 1991). Several researchers have been working on the heavy metals removal. 
However, most of them used commercially available activated carbon. The high cost of 
activated carbon and its loss during the regeneration restricts its application. Thus there 
is need to undertake studies to substitute the costlier commercial activated carbon with 
the unconventional, low cost and locally available agricultural waste adsorbents (Bailey, 
et al., 1999; Brown, et al., 2000). India is an agricultural country and generates 
considerable amount of agricultural wastes such as sugar cane bagasse, coconut jute, nut 
shell, rice straw, rice husk, waste tea leaves, ground nut husk, crop wastes, peanut hulls, 
compost wastes etc. Studies on these materials could be beneficial to the developing 
countries and could be easily incorporated in development of appropriate technologies. 
Recently a few researchers have explored the possibility of using agricultural waste 
adsorbent for the Cr (VI) removal (Gang, et al., 1999; Deo, et a l , 1992; Huang, et al., 
1975; Periasamy, et al., 1991; Ayub, et al., 1998, 1999, 2001, 2002; Drake, et al., 1996; 
Shukhla, and Sakhardane, 1991; Weber, 1996; Chand, et a l , 1994; Siddiqui, et al., 
1994; Camino, et. al., 2000, Yaishya and Prasad, 1991). 
The present study is to evaluate the heavy metal removal potential of agro-waste 
materials such as coconut shell, neem bark (Azadirachta indica) and raw sugar cane 
bagasse in the treatment of wastewaters. The effects of pH, contact time, adsorbent 
dose, concentration of metal, particle sizes and temperature were studied. The samples 
of the adsorbents were characterized before and after adsorption. The column studied 
were made to get the data to design a continuos system and to compare it with the batch 
performance. Electron microscopic technique was used to characterized the surface of 
the adsorbent. Various adsorbents were used to determine the removal potentials of 
different agricultural wastes. Thermodynamic nature of the process was also studied. 
1.2 Chemistry of Chromium 
Chromium is highly active transition metal which exists in a number of 
oxidation states which exhibit a wide range of stability. Thermodynamically, the 
reduced form of chromium, Cr (III), is the most stable in both acid and basic solutions 
as evidenced by the reduction potential (E°) diagrams presented in Figure 1. 
^ C r ^ O ^ " ^ O y Cr Cx{Y{^0) - 0 . 9 V Cr° 1.1 
-0.74V 
2 
(Acid) 
C r O ^ - 0 . 1 3 V Cr(0H)3 -1 .1 V Cr(0H)2 - 1 . 4 Cr^ 
(Basic) -1.34 V 
1.2 
Figure 1.1 Reduction potential diagram (Source: Shupack, 1991) 
Positive E° values denote that the reaction will proceed spontaneously (AG°) to the right 
(reduction) under standard conditions, whereas, negative E" values indicate that the 
oxidized species is favored. Cr (III) is the most stable because it would require 
significant energy to reduce Cr (III) to Cr" or oxidize Cr (III) to Cr (VI) (Nieboer and 
Jusys, 1988). 
The stability of the various chromium species is dependent upon the various 
reduction, oxidation and pH conditions. The stable domains for various chromium 
species in aqueous system as affected by the oxidation potential (Eh) and pH 
(Landrigan, 1975). Under the pH (< 3), temperature (20-30°C) and reducing - oxidizing 
conditions commonly found in industrial wastewaters, the predominant species are 
bicarbonate, HCrO"4, dichromate CxiOi^ and Cr^^. It is interesting to note that the 
divalent chromium ions, Cr^^, may be found in extremely reducing environment. The 
concentration distribution between HCrO"4 and CrjOi^ is largely governed by the total 
Cr (VI) present. The fraction of CxjOi^ only becomes significant at high concentration 
of total Cr (VI) (Stumm, 1970). 
1.2.1 Use of Chromium 
Chromium is used to increase resistance & durability of metals by chrome 
plating. Chromium based pigments are used for floor covering products, paper, cement, 
and asphalt roofing. The other usages of chromium are in fabrication of alloys, 
colouring of glass, ferrous as well as non-ferrous, production and processing of 
insoluble salts, chemical intermediates; use in textile industry in dyeing, silk treating, 
printing, leather industry tanning and in photographic fixing baths. Catalysts for 
halogenation, alkylation, and catalytic cracking of hydrocarbons and fuel additives and 
propellant additives. 
Chromium and its compounds are used in making special alloys protective 
coatings on metal; magnetic tapes; and pigments for paints, cement, paper, rubber, floor 
covering and other materials. In medicine, chromium compounds are used in 
astringents and antiseptics. 
1.2.2 Disposal of Chromium 
It has been routine practice to use land treatment or burial (sanitary landfill) 
methods to dispose off the chromium contaminated waste generated from the 
treatments. However, this practice is subjected to significant revision taking into 
consideration the underground water contamination. Disposal of chromium wastes 
from the electroplating operation can be divided into; (1) discharge of liquid effluents 
directly into the water courses, (2) discharge into municipal sewers. 
The sludge generated by the precipitation process is generally voluminous and 
difficult to dewater. The removal of sludges from the wastewater is normally done by 
the gravity settling in a clarifier. Sludge generated by precipitation typically contains 
0.5-3.5 % solids. Freshly precipitated sludge have the characteristics of a very low 
specific gravity, which makes effective settling difficult without long clarifier detention 
time. 
Ion exchange is used to remove either trivalent or hexavalent chromium from 
wastewater. This method is preferred when chromium is to be recovered for reuse. It 
performs better in the pH range of 4.5 to 5.0. Ion exchange is an attractive method for 
the removal of small amount of impurities from dilute wastewaters, or the concentration 
and recovery of expansive chemicals from segregated concentrated wastewaters. The 
limited capacity of ion exchange systems mean the relatively large installations are 
necessary to provide the exchange capacity needed between regeneration cycles. It is an 
expansive methods and needs additional treatment unit for the spent resin regeneration. 
Wastewater treatment consisting of chromium reduction followed by ion exchange 
would normally not be economical. 
Clarification, with or without sludge conditioning, is not completely effective in 
solid - liquid separation. Some of smaller floe will escape even the most effectively 
designed clarifiers. In order to treat increasingly stringent effluent standards, adsorption 
has shown potential for treating chromium bearing low concentration wastes as a 
polishing sludge free treatment technology. 
CHAPTER TWO 
2.0 Electroplating Operations: Process details, 
Wastewater Generation, Treatment methods 
and Disposal 
2.1 INTRODUCTION 
Electroplating is an art of depositing a metal layer on to another metal surface 
by application of the direct current. The main reasons of electroplating are to give 
decorative finish and impart greater corrosion resistance. Decorative value of the 
objects is increased by depositing a metal onto the other cheaper metal by the 
electroplating. The usual types of plating are copper, chrome, nickel, cadmium 
zinc, silver and gold. The electroplating process cause environmental concern: (1) 
Discharge of contaminated wastewater, which contains heavy metals; (2) Some of 
heavy metals are quite toxic; (3) Solid waste arising out of the treatment of liquid 
waste (Naik, 2002). The metals used in electroplating are given in Table 2.1. 
Electroplating processes are complex. However, an idea of how these 
processes work can be gained considering the electroplating of silver metal onto a 
copper object. The copper object and a piece of silver metal make up the two 
electrodes. They are dipped into a solution containing dissolved silver nitrate, 
AgNOs and other additives and direct current is passed. Electroplating deposits a 
smooth layer of silver metal. Silver ion in solution is reduced at the negative charged 
cathode, leaving a thin layer of silver metal. Silver ion is replaced in the solution by 
oxidation of silver metal at the silver metal anode (Stanley, et al., 1993). 
Following are the main objectives of metal plating; 
A 
i) 
Metals' 
To increase the resistance to corrosion of the plated metals. 
ii) To increase the resistance to chemical attack and wear resistance. 
iii) To improve physical appearance and hardness. 
iv) To increase the decorative and commercial values of the metal. 
v) To improve surface properties. 
B. Non metal 
i) For increase in strength. 
ii) For prevention and decoration of surface of non-metals like wood. 
iii) For making the surface conductive, and utilization of lightweight, non-
metallic likes wood and plastic (Jain, et al., 1996). 
Table 2.1 Metals used in electroplating bath [ Neuhof, 1989] 
Metals Alkaline with cyanogens Acid without cyanogen 
Silver Only cyanidic 
-
Cadmium Mainly cyanidic 
-
Chromium 
-
Mainly acid 
Copper Mainly cyanidic 
-
Nickel 
-
Mainly acid 
Zinc Mainly cyanidic 
-
Brass Mainly cyanidic 
-
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2.2 Electroplating Processes 
The various steps likely to be carried out include cleaning, stripping, plating 
and rinsing. The process diagram of the chromium electroplating is shown in Figure 
2.1. 
The objects are cleaned first before electroplating. Surfaces of the objects are 
covered with the grease, dust and other impurities. Grease usually comes from 
machining, stamping, polishing and preservation stages. If the grease is of organic 
nature, it is removed by saponification with warm alkali. Petroleum and mineral oil 
greases cannot be removed by this method and trichloroethylene, benzene, gasoline 
and carbon tetrachloride are employed. But the most commonly employed agent for 
cleaning is commercially available emulsifier of alkalis available in the market as 
metal cleaners. These are usually mixtures of sodium carbonate, caustic soda, 
trisodium phosphate, sodium silicate, sodium cyanide and borax. 
Removal of rust and scales is called pickling. It is done by treating the 
objects with sulphuric acid or hydrochloric acid in case of articles made of iron. The 
acids partly dissolve the scales and mechanical action removes remaining rust. The 
electrolytic method of stripping is also used because of its rapid action. In this 
method the material to be plated is made the anode, usually in an electrolyte baths. 
The end products in both the processes are essentially the same. 
The pickled articles are placed in wooden or mild steel vats with special 
lining wherever necessary. The material being plated is made the cathode in an 
electrolytic cell. Plating baths are acidic in nature and generally contain sulphuric, 
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hydrochloric or nitric acids. Where as alkaline baths containing sulphide, carbonate, 
cyanide and hydroxide are also used. The concentration of chemicals normally used 
in some of the common plating baths is given in Table 2.2. 
After plating has been done, the plated objects are rinsed with water. They 
are dipped in stationary water baths first, allowed to drain and then dipped in 
running water baths. Stationary baths are utilized to make solution for the plating 
operations while the running water baths are discharge into the drains. The quantity 
of drag out depends upon the nature of the solution, its temperature, shape of the 
material being plated and the time allowed for draining. Manual plants are known to 
have higher drag out losses than the automatic ones. 
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Table 2.2 Typical Concentrations of Contaminants in 
Electroplating baths and Rinse waters [IS: 7453-1974] 
S.No Bath formulae Bath concentration Rinse concentration 
(Average 5501/h) 
(drag out 3.4 1/h) 
1. Cadmium 
Cadmium cyanide 25 g/1 
Sodium cyanide 30 g/1 
Cd - 19000mg/l 
CN - 22000 mg/1 
pH - 9.2 
Cd - 1.2 mg/1 
PH - 8.3 
2. Copper (Cyanide) 
Cuprous cyanide 22.5 g/1 
Sodium cyanide 30 g/1 
Sodium carbonate 10 g/1 
CN -20500 mg/1 
Cu - 10400 mg/1 
pH-10.9 
CN - 8.6 mg/1 
Cu - 1.34 mg/1 
PH - 8.2 
3. Copper (Acid) 
Copper sulphate 220 g/1 
Sulphuric acid 60 g/1 
Cu - 49000 mg/1 
pH - 0.2 
Cu - 2.3 mg/1 
PH - 6.3 
4. Chromium 
Chromic acid 300 g/1 
Sulphuric acid 3 g/1 
Cr - 140,000 mg/1 
pH- 1.2 
Cr - 30 mg/1 
PH - 7.3 
5. Nickel 
Nickel sulphate 210 g/1 
Nickel chloride 60 g/1 
Nickel citrate 30 g// 
Ni - 93000 mg/1 
PH - 5.5 
Ni - 6.3 mg/1 
PH - 7.8 
6. Zinc 
Zinc cyanide 50 g/1 
Sodium cyanide 60 g/1 
Sodium hydroxide 65 g/1 
CN -59000 mg/1 
Zn - 38000 mg/1 
pH - 11 
CN - 7.0 mg/1 
Zn - 6.2 mg/1 
PH -9.4 
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2.3 Sources of Wastewater 
2.3.1 General 
Waste from metal finishing operations particularly those from electroplating, 
are among the most toxic of industrial effluents. They contain poisonous constituents 
such as acids, many different heavy metals viz., chromium (Cr), nickel (Ni), 
cadmium (Cd), zinc (Zn) copper (Cu) and cyanides. Electroplating waste is one of 
the major contributors to heavy metal pollution in surface waters. For this reason 
electroplating waste should not be discharged into surface streams unless treated and 
they should not be permitted entry into municipal sewers if biological treatments are 
employed. Pretreatment of metal finishing wastes at the source, to reduce the 
concentration of the toxicants below the environmentally acceptable levels should be 
provided before discharging into the industrial wastewater treatment facility or 
municipal sewage. 
The main sources of wastewaters in the plating operations are bath solutions 
and rinse waters they are distinctly different in volume and chemical quality. Bath 
solutions from vats are highly concentrated and are seldom discharged. Rinse waters 
are comparatively much more dilute but form the bulk of the wastes. 
2.3.2 Cleaning Solutions 
Essentially objects are cleaned before carrying out electroplating. Several 
cleaning reagents are used for the purpose. The washout from the cleaning vats may 
also contain heavy metal contaminants in the wastewaters. There are cleaners of 
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various types and are generally prepared according to the manufacture 
specifications. They are spilled out during the drag out operation. The rinse vats are 
generally continuos in flow. The pH remains in the neutral range. Effluents from the 
cleaning vats is normally combined with other streams to be treated together as the 
wastewater from the electroplating plant. 
2.3.3 Spent Alkaline and Rinse Waters 
They include all the spent alkaline solutions containing suspended solids, 
soaps, grease, and globules of oil. The frequency of discharge of these wastes varies 
from plant to plant and depends to a large extant on the grease protection given to 
the metallic surfaces before they are received in the shop. The pH of these wastes 
when discharged intermittently is usually very high (around 12.0). They are 
generally held in steel tank for controlled discharge or for blending with acid wastes 
for lowering the pH. The pH of alkaline wastes from dip and rinse operations varies 
from 8.8 to 9.8. 
2.3.4 Acid Pickling and Rinse Waters 
They contain mostly ferrous sulphate and strong spent acids usually with pH 
below 2.5. The frequency of discharge of pickling wastes is much more than the 
cyanide concentrates. Pickled and acid dipped articles are washed in vats provided 
with continuos flow of water. This rinse water is acidic and has pH in the range of 
4.5 to 5.6. This operation is normally not continous and the rinse waters are stored in 
1 6 
bitumen or acid proof brick- lined tank for controlled discharge required in blending 
operations. 
2.3.5 Cyanide Concentrations 
They arise from cyanide vats, dips, drip from the articles and rinse operation 
and contain fairly large quantities of cyanide that is very much harmful to life even 
in very low concentration. The discharge is usually controlled by holding the wastes 
in a tank. Detention time gives an opportunity for pretreatment before they 
discharged for further treatment. Rinse waters do not pick up large quantities of 
cyanide during the washing operation. These are continuous as compared to those 
from the vats and dips. The vats are emptied once in every 6 to 8 weeks and the 
contents are very rich in cyanide. The composition of cyanide bath liquors is given 
in Table 2.3. 
2.3.6 Chromate Wastes 
The bulk of the chromate wastes originate from chromium plating, 
anodizing, electroplating solutions and dip solutions like passivating dips, bright 
dips, etc. and small portions arise from rinsing operations of metals treated with 
chromate solutions. The plating vats are normally not discharged. The strength of the 
plating solutions is maintained by the addition of chromic acid and sulphuric acid. 
The main source of chromium in the wastes is from the drag out and washing 
operations. Chromium concentration varies from 3 to 30 mg/1 depending upon the 
care with which the plating operations are carried out. The pH of the rinse waters is 
17 
generally in the neutral range and rarely goes below 5.5. The waste is stored for a 
regulated discharge after proper treatment to reduce hexavalent chromium to 
trivalent state. 
Table 2.3 Composition of cyanide bath liquors [Neuhof, 1989] 
1. Copper electrolyte Composition 
Copper 14-20 g/1 
Cyanide 22-27 g/i 
Tartaric acid 0-15 g/1 
2. Zinc electrolyte 
Zinc 20-35 g/1 
Cyanide 30-50 g/1 
Sodium hydroxide 40-90 g/1 
3. Brass electrolyte 
Copper 10-30 g/1 
Zinc 5-30 g/1 
Cyanide 25-80 g/1 
Sodium hydroxide 0-15 g/1 
4. Cadmium electrolyte 
Cadmium 10-20 g/1 
Cyanide 40-50 g/1 
5. Silver electrolyte 
Silver 3-30 g/1 
Cyanide 20-40 g/1 
K2CO3 0-100 g/1 
6. Gold electrolyte 
Gold 0.5-4 g/1 
Cyanide 2-10 g/1 
Na2HP04 70 g/1 
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2.3.7 Metal Wastes from other Plating Wastes 
They include rinse waters from copper, zinc, nickel, cadmium and lead vats. 
All these metals seldom occur together because the baths are never used all at a time 
and the operations are staggered to meet the demand. However, a combination of 
these baths is practiced resulting in the appearance of several of these metals at the 
time in the mixed rinses. The metals are present in soluble ionic form and most of 
them are extremely toxic. 
2.3.8 Floor Washes 
Occasionally the plating shop is washed by running water to clean the floor. 
During the plating operations, some spilling and splashing occurs from all the baths 
and the wash water thus possibly contain cyanide and almost all the metals that are 
used for plating. The concentration of these toxicants depends on the carelessness of 
the operations and varies widely. 
2.3.9 Regeneration Wastes 
Most of the plating operations need demineralised water to prepare vat 
solutions. After exhaustion, the strong acid cation exchange resin is regenerated with 
2 to 5 percent sulphuric acid or 5 to 8 percent hydrochloric acid solution and the 
weak base anion exchange resins with 4 to 6 percent sodium hydroxide or 6 to 8 
percent sodium carbonate solution. During the regeneration and rinse operation, the 
19 
excess regenerates drain out as a waste. The regeneration frequency depends on the 
size of the columns and the quantity of demineralised water required. 
2.3.10 Composite wastewater concentration 
The volume and characteristics of the wastewater very considerably from one 
plating shop to the other. This is primarily because of varying efficiencies in 
handling operations. Typical characteristics of industrial wastes resulting in plating 
operations are given in Table 2.4. The physico chemical characteristics of Morris 
Bajaj electroplating waste are given in Table 2.5. The Morris Bajaj lock factory is 
situated in the industrial area of Aligarh, UP (India) where electroplating of locks 
and other building materials is done (Ajmal, et al., 1992). 
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Table 2.5 Physicochemical Characteristics of Morris Bajaj and Sigma 
Engineering works Electroplating Wastewater 
(Ajmal, et al., 1992) 
1. Colour Yellowish Yellowish 
2. Temperature f C ) 25 22 
3. PH 6.0-8.5 8.7 
4. Turbidity (FTU) 240 150 
5. Total solids 1125.0 1980 
6. Suspended solids 215.0 315 
7. Dissolved solids 910.0 1665 
8. Sulphate 1050.0 995.0 
9. Chloride 185.0 216.0 
10. Fluoride 1.7 1.90 
11. Nitrate 1.5 1.40 
12. Na 175.0 172.0 
13. K 24.9 26.3 
14. DO 1.5 1.90 
15. BOD 12.5 10.2 
16. COD 95.5 78.86 
17. Cr(VI) 52.0 46.8 
18. Ni 8.9 10.1 
19. Cu 3.0 2.8 
20. Zn 65.5 58.5 
21. Cd 0.05 0.04 
All units except colour, temperature, pH and turbidity are expressed in mg/1 
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2.4 Methods of Plating Waste Treatment 
The effluent from the electroplating contains highly toxic chemicals. Discharge 
of untreated waste into the municipal waste or industrial waste would be a deleterious 
effect on biological sewage treatment processes due to the presence of acids, alkalis, and 
toxic metallic ions such as Cr (VI), Cu (11), Zn (II) etc. these impurities could inhibit the 
biological processes in the municipal wastewater treatment plant or industrial 
wastewater containing high level of BOD requiring bioxidation. 
The purpose of the treatment is to remove the cyanides, hexavalent chromium, 
nickel, cadmium, zinc, cupper, iron, grease and oil so that the treated effluents meet the 
standards to discharge them in a water body. Volume of water including variations in 
flows, load of contaminate including variations in concentration and regulatory agency's 
requirements are some of the important variables to be studied before suggesting a 
treatment method. Foremost principle of environmental engineering i.e. waste 
minimization is adopted in order to curb the quantity of waste produced. The effluent 
quantity generation could be minimized by good shop keeping, adoption of healthy 
operational practice and occasional auditing of waste generation from the various 
sources. 
The treatment of plating wastes by chemical and physical means are designed 
primarily to accomplish; (1) removal of cyanides; (2) removal of chromium and other 
heavy metals; (3) removals of oils and greases. There are several methods of cyanides 
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removal from plating wastes. The selection of cyanides removal process depends upon 
the flow rate, hindrance by other impurities, fluctuation in flow or cyanide concentration 
as each method is specifically suitable for a situation. Cyanides removal method could 
be for the continuous flow or for the batch process. Caustic soda and chlorine are to 
oxide the cyanides by the following reaction. 
2NaCN + 5 CI2 + 12 NaOH = Na2 + 2 Naj CO3 + 10 NaCl + 6 H2O 2.1 
2.4.1 Precipitation 
Once the cyanides are neutralized, the chromium is removed by the process of 
reduction and precipitation. The hexavalent chromium generally remains as chromic 
acid or chromates. The chromium reacts with reducing agents such as FeS04, SO2, or 
NaHSOs. After the reduction is complete, and alkali (usually lime slurry) is added to 
neutralize the acid and precipitate the trivalent chromium 
H2Cr207 + 6FeS04 + 6H2S04= Cr2 (804)3 + FeS04 + 7H2O 2.2 
Cr2 (804)3 + 3Ca (0H)2 = 2Cr (0H)3 + 3CaS04 2.3 
Fe (804)3 + 3Ca (0H)2 = 2Fe (0H)3 + 3CaS04 2.4 
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Treatment of other metals, oil and grease bearing wastes by neutralization and 
precipitation usually involves recombining the waste with previously oxidised cyanide 
and reduced chromium wastes for subsequent and final treatment. If the combine waste 
is acidic, alkali usually 5 - 10% lime slurry, is added to neutralize and precipitate the 
metals. The floe produced large and quite heavy and hence the velocity of flow is 
decreased after the adequate flocculation has occurred. The waste is then followed to 
settle. Sludge is removed and usually lagooned since it is the most economical treatment 
for them slow drying relatively innocuous, metal sludges. 
Chrome, nickel and copper acid type plating solution may be reclaimed from the 
rinse tank while evaporation in glass lined equipment, and the concentration solution 
returned to the plating systems. The water condensed from the steam is then used in the 
rinse tank following the plating tank, to eliminate build up of natural water salts. This 
process has proved effective for recovering valuable metal salts. The high initial cost for 
equipment is more than recovered not only because of waste treatment but also because 
of recovery of metals especially when volumes of metallic waste are large. 
A typical metal bearing waste contains other metal ions as well as chromium to 
be removed by precipitation and because optimum pH of precipitation varied for 
different metal hydroxide, an average waste stream pH of about 8 often seems to 
achieve the best overall results on a waste containing several metal ions. Soda ash may 
be used to precipitate trivalent chromium although the most commonly employed 
chemical for precipitation is lime. The chromium content of electroplating waste may be 
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was reduced from 140-1.0 mg/1 by neutralization and precipitation with lime at pH 7-8. 
A coagulant aids was employed to improve the chromic hydroxide precipitate removal. 
Chromate reduction by sodium metabisulphite below 0.1 mg/1 is followed by 
waste neuiraiization with lime to pH 9.0. Precipitation of chromic and other metallic 
hydroxide and settling is a promising technique. Trivalent chromium level below 0.2 
mg/1 is achieved by such treatment. SettHng properties of the precipitate could be 
improved by addition of an ionic polyelectrolyte. 
2.4.2 Ion Exchange 
Ion exchange is more a concentration than final treatment technique. During 
treatment the ion exchange resins exchange its ions for those in the wastewater. This 
process continues until the solution being treated exhausts the resin exchange capacity. 
The exhausted resin is generated by another solution which replaces the ions given up in 
the ion exchange operation, thus converting the resin back to its original composition 
and yielding a concentrated regenerated brine. The regenerated brine is then treated 
more easily than the original volume of wastewater. In some cases, wastewater to be 
treated by ion exchange is generally filtered to remove suspended solids which could 
mechanically clog the rinse bed. Oils, organic wetting agents, brighteners, which might 
foul the resins, must also be removed perhaps by passage of wastewater through 
adsorbent carbon filters. 
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Successful ion exchange treatment has been reported for chromium wastewater 
primarily as the hexavalent chromate and dichromate ions (Yuronis, 1968; Rothstein, 
1958; Richardson, et al., 1968). The procedure utilizes an ionic exchange resin, 
normally regenerated with concentrated sodium hydroxide. The elute is sodium 
chromate, from which purified chromic acid may be recovered by removal of sodium in 
a cationic exchange system. Copper containing wastewater has been successfully treated 
by cation exchange, (Pinner, et al., 1971; Schore, 1972) as have lead, (Liebig, et al., 
1943) mercury, (Cheremisinoff, et al., 1972; Gardiner and Munuz, 1971) nickel 
(Recents and Stromquist, 1952; Heldom and Keller, 1958) and other metals wastewater. 
Ion exchange is an attractive method for the removal of small impurities from dilute 
wastewater, or the concentration and recovery of expensive chemical from segregated 
concentrated wastewaters. Ion exchange is capable of achieving very high levels of 
copper removal, particularly from low concentration waste. Copper removal by ion 
exchange from 1.02 mg/1 to less than 0.03 mg/1 has been reported. There are many ion 
exchange resins with high specificity for the cadmium. However ion exchange method 
is unsuitable for recovery of cadmium from mixed cadmium cyanide solution. In most 
of industrial wastewaters, chromium exist in the hexavalent form and its recovery is 
preferred direct ion exchange treatment of chromate or dichromate is carried out. The 
different resins are employed to recover each form of chromium. In the ion exchange 
system pH is a critical factor with proper pH adjustment. Successful ion exchange 
treatment of a metal finishing waste has been reported to meet a chromate effluent 
standard of 0.05 mg/1 (this chromate level is equivalent to a chromium (VI) 
concentration of 0.03 mg/1). 
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2.4.3 Reverse Osmosis 
In reverse osmosis higher pressure than the natural flow pressure is applied in 
order to make the water to flow in the reverse direction. Most of the development work 
and commercial utilization of the reverse osmosis process, especially for desalination 
and water treatment and recovery, has occurred during the past two decades. Reverse 
osmosis functions most efficiently on dilute solutions. The greater the ionic strength 
solution, the higher the pump pressure and horsepower required to produce reasonable 
permeate flows. Reverse osmosis is therefore well suited to the concentration of dilute 
nickel plating rinse waters. Osmosis is a natural phenomenon involving the inclination 
of water to pass through a semi permeable membrane from the weak solution side to the 
strong solution side. 
2.4.4 Adsorption Process 
A solid surface in contact with a solution tends to accumulate a surface layer of 
solute molecules because of unbalance of surface forces. Chemical adsorption results in 
the formation of a monomolecular layer of the adsorbate on the surface through forces 
of residual valence of the surface molecules. Physical adsorption results from molecular 
condensation in the capillaries of the solid. In general, substances of the highest 
molecular weight are most easily adsorbed. There is a rapid formation of an equilibrium 
interfacial concentration, followed by slow diffusion into the capillary pores in the 
particles. The overall rate of adsorption is controlled by the rate of diffusion of the 
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solute molecules within the capillary pores of the carbon particles. The rate varies 
reciprocally with the square of the particle diameter, increases with increasing 
concentration of solute, increases with increasing temperature, and decrease with 
increasing molecular weight of the solute. 
It is generally feasible to regenerate spend adsorbent for economic reasons. In 
this process, the object is to remove from the carbon pore structure the previously 
adsorbed materials. The modes of generation are thermal, stream, solvent extraction, 
acid or base treatment, and chemical oxidation. 
Adsorption studies are significant as they can be utilized in detection, 
determination and treatment of inorganic and organic pollutants and pesticides 
(Anonymous, 1972; Agro and Culp, 1972; and Mamyama, et al., 1972). The use of the 
adsorption process for the removal of the pollutants by the use of the solid adsorbents 
has been considerably developed recently. It has been found to be very useful and 
successful in many fields such the purification process, water treatment process and 
analytical methods. 
In recent years the adsorption techniques for the removal and the recovery of the 
heavy metals has received a great attention. Activated carbon has been used as an 
effective adsorbent for removing the organic and the inorganic contaminants from 
water, wastewater and air samples. It has been very effectively and successfully used 
with different adsorbent for the removal of various pollutants. Activated carbon has 
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been found to be an effective adsorbent for the removal of many organic as well as 
inorganic substances present in the water. However the use of activated carbon posses 
economic problems and limits its large-scale use for the abatement of heavy metal 
pollution in developing country like India. Different agricultural waste adsorbent has 
been proved quite useful due to its low cost and wide availability viz. sugar cane 
bagasse, coconut jute, nut shell, rice straw, rice husk, waste tea leaves, ground nut husk, 
crop wastes, peanut hulls, fertilizer wastes etc. (Saeed, et al., 1999; Gang, et a l , 1999; 
Deo, et al., 1992; Huang, et al., 1975; Periasamy, et al., 1991; Ayub, et al., 1998, 1999, 
2001; Drake, et al., 1996; Shukhla and Sakhardane, 1991; Weber, 1996; Chand, et a l , 
1994; Siddiqui, et al., 1994; Camino, et al., 2000) 
2.5 Disposal of Metal Plating Wastes 
The disposal of wastes from plating operations can be divided into; (1) 
Discharge of liquid effluents directly into watercourse; (2) Discharge into municipal 
sewers. Often electroplating effluent disposal is not carried out with the care and 
attention merited by environmental considerations. The deliberate and willful dumping 
of solutions creates most problems. In case metal finishing unit effluents are discharge 
in to sewers or water coarse it may have serious consequences. It may interfere with ; 
(1) biological treatment facility; (2) lethal to aquatic organisms and plant; (3) threat to 
the drinking water. The discharge limitations for metal contaminants are shown in 
Table 2.6. 
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Table 2.6 Discharge limitations for selected metal contaminants. 
[Federal Register, 1981 and Indian Standards 1993]. 
Parameters Max. Cone. Allowed for 
discharge to sanitary sewer, 
mg/I before treatment 
Effluent Guidelines 
mg/1 
Federal Register Indian Standard 
Cadmium 0.7 0.1 2.0 
Copper 2.7 0.5 3.0 
Chromium 
(Hexavalent) 
0.1 0.1 
Total 
Chromium 
4.0 0.5 2.0 
Cyanide 1.0 0.1 0.2 
Zinc 2.6 0.8 5.0 
Nickel 2.6 0.5 3.0 
Lead 0.4 - 0.1 
The enforcing agencies, administrative policies and legislative interference have 
overcome the problem of indiscriminate discharge of metal plating effluents in all the 
developed countries. However, there are many cases of serious interference with 
biological treatment processes at sewage treatment plants receiving municipal effluents 
in admixture with such wastes. Careful planning and design is effective in reducing the 
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pollution load. With rapid industrialization, increasing concern for the protection of 
environment and the introduction of strmgent water pollution control effluent disposal 
legislations have affected the Indian electroplating industry. The effect may be more 
pronounced for operation of medium and small size electroplating units which are 
unlikely to have any infrastructure for the safe disposal of their wastewater. There are 
more than 50,000 electroplating units in India mostly scattered in the urban areas (Rai. 
etal., 1998). 
Issues like use of alternative less hazardous chemicals, pretreatment of effluents 
followed by final treatment, waste segregation and recovery, safe disposal of sludge 
etc., have not been promoted properly in India. All possible efforts should be made and 
implement measures should be enforced to reduce the wastewater volume and level of 
its contamination. Efforts should be made to prevent the pollution with the emphasis on 
source reduction through operational improvement. 
The sludge generated by precipitation process is usually voluminous and 
difficult to dewater. The removal of sludges from wastewater is normally done by 
gravity settling in a clarifier. Schwoyer and Luthingir, (1972) have reported that sludge 
generated by precipitation collected in clarifiers typically contain 0.5 - 3.5 % solids. 
Freshly precipitated sludge have the characteristics of a very low specific gravity, which 
makes effective settling difficuh without long clarifier detention time or additional 
treatment. Clarification, with or without sludge conditioning, is not completely effective 
in solid - liquid separation. Some of the smaller floe will escape even the most 
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effectively designed clarifiers. Sand filters are commonly used as finer devices for metal 
plating. Stone, (1967) has reported that the filtration would reduce a post clarifier 
chromium concentration ranging from 1.3 - 4.6 mg/1 down to a range of 0.3 - 1.3 mg/1. 
This final residual was primarily in the soluble chromium (VI) form. Even filtration will 
not result in complete removal, particularly when a fraction of metal remains in soluble 
form. 
In order to meet increasingly stringent effluent standards. Adsorption system is 
employed as polishing process for the complete removal of metals. 
CHAPTER THREE 
3.0 Adsorption: Adsorption and Review of Recent 
Investigations 
3.1 GENERAL 
The process of adsorption is a tool for the environmental remedial and has many 
applications for treatment of municipal and industrial wastewater. Activated carbon is 
the most widely used commercial adsorbent and in general, has a great capacity for the 
adsorption of organic molecules such as dyes, phenols, detergents, cresols, or other 
toxic or nonbiogradable materials including heavy metals. 
The surface of solids or liquids possess properties which give rise to the process 
of uptake of atoms, molecules or ions from the substances in contact. This phenomenon 
is known as adsorption. Thus adsorption is a change in concentration of given species 
on the surface layer in comparison to that in the bulk phase. The system which retains a 
given specie at the interface is known as the adsorbent and the retained species are 
referred to as adsorbate. The adsorption process can occur on all interfaces. In general 
there are five types of interfaces: solid-gas, solid-liquid, solid-solid, liquid-gas, and 
liquid-liquid. The solid-liquid interface has applications in various biological, industrial, 
and natural processes. 
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The adsorption is classified on the basis of interactions involved between the 
atoms, molecules or ions of adsorbate and adsorbent. (1) Physical adsorption; (2) 
Chemical adsorption; (3) Exchange adsorption, are the three basic kinds of adsorption 
processes. 
3.1.1 Physical Adsorption 
In this type of adsorption the van der Waals forces are responsible for the 
adsorption of species on the surface of adsorbent. Physical adsorption is reversible and 
rapid; a condition of equilibrium is established between adsorbed and unadsorbed 
adsorbate species. Molecules adsorbed by physical adsorption are held to the adsorbent 
surface by weak van der Waals forces of attraction or perhaps by 7t-bonding under 
certain conditions (Snoeyink and Weber, 1967). Adsorbed molecules are free to move 
on the surface of the adsorbent and adsorption is assumed to be multilayered with each 
new layer of molecules forming on the top of previously adsorbed layers. The amount 
adsorbed is predominant at low temperature and this type of adsorption is characterized 
by a low heat of adsorption. 
3.1.2 Chemical Adsorption 
This type of adsorption takes place due to the action specific 'chemical forces' 
i.e., those involved in the transfer or sharing of electrons between an adsorbent and 
adsorbate species. Because of specific interaction, chemical nature of the adsorbent has 
35 
a significant role. The chemical reactions on the surface of the adsorbent may be either 
exothermic or endothermic in nature. The increase in temperature will decrease or 
increase the extent of adsorption. The enthalpy change is usually in the range of 20 -
lOOKcalmol"'. It is observed that the bonds formed between the surface of adsorbent 
and adsorbate species are almost as strong as those existing in the stable stoichiometric 
compounds (Snoeyink and Weber, 1967). Desorption of molecules is difficult and 
possible at elevated temperatures. 
3.1.3 Activated Adsorption 
These are made from variety of materials including wood, lignin, bituminous 
coal, lignite, and petroleum residues. Granular activated carbons produced from medium 
volatile bituminous coal or lignite has been most widely applied to the treatment of 
wastewater. Activated carbon has specific properties depending on the material source 
and the mode of activation. Mostly granular carbons from the bituminous coal have a 
small pore size, least surface area, and the lowest bulk density. Adsorptive capacity is 
the effectiveness of the carbon in removing desired constituents from the wastewater 
(Eckenfelder, 1988). 
3.2 Theory of Adsorption 
A solid surface in contact with a solution tends to form a surface layer of solute 
molecules because of imbalance in surface forces. Chemical adsorption results in the 
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formation of monomolecular layer of the adsorbate on the surface through forces of 
residual valence of the surface molecules. Physical adsorption results from molecular 
condensation in the capillaries of the solid. In general, substances of the higher 
molecular weight are easily adsorbed. There is a rapid formation of an equilibrium 
interfacial concentration, followed by slow diffusion into particles. The rate varies 
reciprocally with the square of the solute. Morris, et al., (1964) found the rate of 
adsorption to vary as the square root of the time of contact with the adsorbent. The rate 
also depends upon pH because of change in surface charges. The adsorptive capacity of 
a adsorbent for a solute will be dependent on both the adsorbent and the solute. Most 
wastewaters are highly complex and vary widely in the adsorbability of the compounds 
present. 
3.2.1 Adsorption Phenomena 
Adsorption is taking up of molecules by the external or internal surface of solids 
or by the surface of liquids. Adsorption occurs on the surface because of attractive 
forces of the atoms and molecules that makeup the surfaces and the adsorbate. When 
species are adsorbed from a liquid onto a surface, the adsorption process occurs at the 
solid liquid interface, and reactions occurring at the interface determining the rate and 
extent of adsorption. The transfer of solute from the solution to adsorbent continues 
until the concentration of the solute remaining in solution is in equilibrium with the 
concentration of solute adsorbed by the adsorbent. When equilibrium is reached, the 
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transfer of solute stops and the distribution of solute between the liquid and solid phases 
is measurable and is well defined. 
The equilibrium distribution of solute between the liquid and solid phases is an 
important property of adsorption systems and helps to define the capacity of a particular 
system. The kinetics of the system which describes the rate at which this equilibrium is 
reached are of equal importance. The rate of adsorption determines the detention time 
required for the treatment. Three distinct steps take place for adsorption to occur. 
The adsorbed molecules are transferred from the bulk phase of the solution to 
the surface of the adsorbent particle. In doing so, it passes through a film of solvent that 
surrounds the adsorbent particle. This process is referred to as film diffusion. The 
adsorbate molecules then are transferred to an adsorption site on the inside of the pore. 
This process is referred to as pore diffusion. The adsorbate must become attached to the 
surface of the adsorbent, i.e. be adsorbed. Many factors influence the rate at which 
adsorption reactions occur and the extent to which a particular material can be adsorbed. 
The rate of adsorption is controlled by either film diffusion or pore diffusion, depending 
on the amount of agitation in the system. If relatively little agitation occurs between the 
adsorbent particle and the fluid, the surface film of liquid around the particle will be 
thick and film diffusion will likely be the rate-limiting step. If adequate mixing is 
provided, film around the adsorbent become thinner and the rate of film diffusion will 
increase to the point that pore diffusion becomes the rate-limiting step. 
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Particle size and surface area are important properties of an adsorbent. The 
size of particles influence the rate at which adsorption occurs: adsorption rates increase 
as particle size decrease. The total adsorptive capacity of an adsorbent depends on its 
total surface area. The size of an adsorbent particle does not have a great effect on total 
surface area, since most of the surface area lies within the pores of an adsorbent particle. 
Solubility of the adsorbate also plays an important role during adsorption. 
Soluble compounds have a strong affinity for their solvent and thus are more difficult to 
adsorb than the less soluble compounds. However, there are exceptions, since many 
compounds that are slightly soluble are difficult to adsorb, whereas some very soluble 
compounds may be adsorbed readily (Benefield, et al., 1982). 
Molecular size would logically be important in adsorption, since the molecules 
must enter the micro pores of carbon particles so as to be adsorbed. Research studies 
have shown that within a homologous series of aliphatic acids, aldehydes, or alcohols 
adsorption usually increases as the size of the molecule become greater (Hassler, et al.. 
1974). This can partly be explained by the fact that the forces of attraction between a 
adsorbent and a molecule are greater the closer the size of the molecule is to the size of 
the pores in the adsorbent (Gulp, et al., 1971). Adsorption is strongest when the pores 
are just large enough to permit the molecules to enter. Most wastewaters contain a 
mixture of compounds representing many different sizes of molecules. In this situation 
there would appear to be a danger of molecular screening, i.e., large molecules blocking 
the pores to prevent the entrance of small molecules. However, the irregular shape of 
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both the molecules and the pores, as well as the constant motion of the molecules, 
prevents such blockage from occurring (Gulp, et al., 1971). Furthermore, the greater 
mobility of the small molecules allows them to diffuse faster and to enter the pores 
ahead of the large molecules. 
Adsorption process is also affected by pH and temperature. The pH at which 
adsorption is carried out has a strong influence on the extent of adsorption. This is 
partly due to the fact that hydrogen ions themselves are strongly adsorbed and partly 
that pH influences the ionization, and thus the adsorption, of many compounds. 
Organic acids are more adsorbable at low pH, whereas the adsorption of organic bases is 
favoured by high pH. The optimum pH for any adsorption process is determined by 
laboratory testing. The temperature at which an adsorption process is conducted will 
affects both the rate of adsorption and the extent to which adsorption occurs. 
Adsorption rates increasing with increased temperature and decrease with decreased 
temperature. However, since adsorption is an exothermic process, the degree of 
adsorption will increase at lower temperature and decrease at high temperatures. 
3.2.2 Adsorption Rate Kinetics 
Results obtained during an adsorption study describe the performance of the 
adsorbent and yield valuable information if properly interpreted. Several mathematical 
relationships have been developed to describe the equilibrium of solute between the 
solid and liquid phases and thus aid in the interpretation of adsorption data. These 
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relationships apply when the adsorption tests are conducted at constant temperature and 
are referred to as adsorption isotherms, the three of the most common are Langmuir 
isotherm, the Freundlich isotherms, and the Brunaur Emmett-Teller (BET) isotherm. 
3.2.2.1 Langmuir Isotherm Equation 
Langmuir adsorption is a mathematical representation showing relationship 
between the amount of material adsorbed and concentration of material remaining in 
solution. It is based on the assumption that (1) a fixed number of accessible sites are 
available on the adsorbent surface, all of which have the same energy and adsorbent 
surface, all which have the same energy and that (2) adsorption is reversible. 
Equilibrium is reached when the rate to adsorption of molecules onto the surface is the 
same as the rate to desorption of molecules fix)m the surfece. The rate at which 
adsorption proceeds, then is proportional to the driving force, wiiich is the difference 
between the amount adsorbed at particular concentration. Langmuir can be represented 
by the following mathematical relationship. 
x / abC 
/ m = 
1 + aC 
3.1 
X/ b abC 
/ m 
• . 3,2 
Where, x = amount of material adsorbed (mg) 
m weight of adsorbent (mg) 
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C = concentration of material remaining in solution after adsorption is 
complete (mg/1) 
a & b = empirical constants 
If adsorption follows the Langmuir isotherm, a linear plot should result when the 
quantity l/(x/m) is plotted against 1/C. Values of the empirical constant a & b can be 
detemiined from the slope and intercept of the plot. 
3.2.2.2 Freundlich Isotherm Equation 
Freundlich developed an empirical equation to describe the adsorption process. 
This is based on the assumption that the adsorbent had a heterogeneous surface 
composed of different classes of adsorption sites, with adsorption an each class of site 
following the Langmuir isotherm. Freundlich isotherm is given by the following 
equation. 
- = 3.3 
m 
f x ^ 1 
or, log — = log K + — log C 3.4 
V m j n 
where, x = amount of solute adsorbed (mg) 
m = weight of the adsorbent (mg) 
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C = concentration of solute remaining in solution after adsorption is complete 
(mg/1) 
K & n = empirical constants. 
Thus, a plot of log (x/m) verses log C, should yield a straight line for adsorption data 
which follow the Freundlich equation. Values of the constant n and K can be determined 
from the plot. 
3.2.2.3 BET Isotherm Equation 
Brunauer, Emmett, and Teller derived an adsorption isotherm based on the 
assumption that molecules could be adsorbed more than one layer thick on the surface 
of the adsorbent. Their equation, like the Langmuir equation, assumes that the 
adsorbent surface is composed of uniform, localized sites and that adsorption at one site 
does not affect adsorption at neighboring sites. Moreover, it was assumed that the 
energy of adsorption holds the first monolayer but that the condensation energy of the 
adsorbate is responsible for adsorption of successively layers. BET isotherm can be 
written as 
X 
m 
AC 
( C s - C ) l + ( A - l ) 
3.5 
"sy 
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or, 
* ' ' c C 1 A - 1 ^ ^ + 
^ A ( x J A ( x J V/ C . , 
3.6 
Where, x = amount of solute adsorbed (mg) 
m = weight of adsorbent (mg) 
Xm = amount of solute adsorbed in forming a complete monolyaer (mg/g) 
Cs = saturation concentration of solute (mg/1) 
A = a constant to describe the energy of interaction between the solute and 
the adsorbent surface 
Data from adsorption processes that conform to the BET equation will yield a straight 
line when left hand side of equation 3.6 is plotted against C/Cs) 
3.3 Interpretation of Isotherms 
Some typical isotherm shapes are shown as arithmetic graphs in Fig. 3.1. qe is 
the amount of Cr (VI) adsorbed per unit mass of adsorbent is plotted on y axis and C is 
the equilibrium concentration of the aqueous solution. The linear isotherm goes through 
the origin, and the amount adsorbed is proportional to the concentration in the fluid. 
Isotherms that are convex are called favorable, because a relatively high solid loading 
can be obtained at low concentration in the fluid. The limiting case of a very favorable 
isotherm is irreversible adsorption, where the amount adsorbed is independent of 
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concentration down to very low values. All systems show a decrease in the amount 
adsorbed with an increase in temperature, and of course adsorbate can be removed by 
raising the temperature even for the cases labeled irreversible. However, desorption 
requires a much higher temperature when the adsorption is strongly favorable or 
irreversible than when the isotherms are linear. An isotherm that is concave upward is 
called unfavorable because relatively low solid loading are obtained and because it leads 
to quite long mass transfer zones in the bed. Isotherms of this shape are rare, but they 
are worth studying to help understand the regeneration process. If the adsorption 
isotherm is favorable, mass transfer from the solid back to the fluid phase has 
characteristics similar to those for adsorption with an unfavorable isotherm (McCabe, et 
al., 1993). 
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qe, mg/mg 
Irreversible 
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Strongly favoraWe__— 
/ ^^ 
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C (mg/1) 
Figure 3.1 Adsorption Isotherms 
3.4 Types of Adsorption Systems 
Adsorption process can be operated on either a batch or continuos flow basis. 
3.4.1 Batch adsorption systems 
In this system the adsorbent and wastewater are mixed together in a suitable 
reaction vessel until the concentration of solute has been reduced to the desired level. 
The number and size of reaction vessels and the amount of adsorbent required to treat 
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the wastewater must be determined for the design of batch adsorption systems. These 
factors are influenced by wastewater volume, flow rate, and the rate of the adsorption 
reaction. Most batch adsorption systems are operated to small-scale wastewater 
volumes. 
3.4.2 Column Adsorption Systems 
This system is capable of treating large volumes of wastewater and are widely 
used for both municipal and industrial applications. Fixed bed adsorbers may be 
operated as single column or as multiple columns in series. They may be operated in 
either up flow or down flow mode. In down flow systems the adsorbent can serve for 
adsorption and for filtration of suspended solids; however, adsorption is more efficient 
and the beds are less expensive to operate if suspended solids are removed in advance. 
Up flow columns may operate either as packed or expanded beds. Packed beds require a 
high clarity influent to prevent clogging, whereas expanded beds are capable of 
handling wastewater high in suspended solids, since the solids will move through the 
void spaces between the adsorbent particle and not clog the bed. The use of up flow and 
down flow columns in series has been reported to optimize adsorbent usage and reduce 
operating costs. 
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3.5 Review of Recent Investigations 
Naik, (2002) studied the environmental management including waste 
minimization for electroplating industry. The total water consumption during various 
processes were ranges from 1,000 lit / day up to 10,000 lit / day in typical electroplating 
shop in India. Various treatment options such as cyanide treatment, chromium treatment 
and final treatment are carried out in their study. Alkaline chlorination process was 
adopted in cyanide treatment in which chlorine was added in effluent containing free 
cyanides, in presence of sufficient alkali, the cyanides were oxidized first to cyanates 
and then to CO2 and N2 . While hexavalent chromium was reduced to trivalent stage with 
the help of reducing agent such as sodium bisulphate in presence of sulfuric acid and 
then precipitated as trivalent Cr (OH) 3 with the help of alkali like sodium hydroxide or 
lime. The final treatment was done after reduction and removal of CN & Cr then the 
effluents are pumped into neutralization / settling tank. The effluents were neutralized 
and the salts are allowed to precipitate. The precipitates are taken to sludge drying beds 
and the clear effluent along the clear supernatant from the settling tank was neutralized 
and then discharged into sump from where it can be pumped to the disposal point. 
Rao, et al., (2002) reviewed the various publications for the utilization of low 
cost adsorbents for the removal of heavy metals from wastewater. Author concluded in 
their study that most of the papers were based on the batch process. Little efforts have 
made on continuous and pilot plant scale studies, and recommended use of low cost 
adsorbents in wastewater treatment because of cheaper, locally available, required only 
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simple alkali / acid treatment to increase their efficiency and can be regenerated for 
reuse with simple alkali / acid treatment or burned after drying. 
Vasanth, et al., (2002) conducted experiments in batch process for the removal of 
colour malachite green onto carbonized paddy husk (CPH) using adsorption technique. 
About 90 % colour removal was obtained for a lower concentration of dye solution (50 
mg/1). Effects of initial concentration, adsorbent dosage, and contact time, pH and 
agitation speed on the colour removal were studied. Rate of uptake of dye increased with 
decrease in initial concentration. Higher pH and adsorbent dosage increased rate of 
adsorption. Kinetics of removal has been found to follow the first order rate expression. 
The adsorption equilibria data fitted both Freundlich and Langmuir isotherms equally 
well. Particle diffusion studied indicates that predominantly adsorption of dye 
components take place rapidly followed by intraparticle diffusion. 
De Castro et al., (2001) evaluated the sorption of heavy metals on a crude 
diatomite which was impregnated with a microemulsion which showed remarkable 
increase in chromium sorption capacity as compared to untreated diatomite. Samples 
with two different granulometries were investigated, both yielding practically complete 
adsorption. The adsorption process is pH dependent and the best results for the initial 
Cr (111) concentration of 1.5g/l were obtained at pH 2.95. The effect of the 
concentration of the chromium synthetic solution was also investigated. The adsorption 
isotherms were obtained (30, 40 and SO^C) and the Freundlich and Langmuir models 
were used to determine the adsorption capacity of the adsorbent. Following the 
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adsorption step, a desorption process was carried out using several eluant solutions. 
The best desorption results were obtained using hydrochloric acid (100%) as eluant. 
Process development for the removal of lead and chromium from aqueous 
solutions using red mud an aluminium industry waste was investigated by (Gupta, et al., 
2001). The Red mud was converted in to an inexpensive and efficient adsorbent and 
used for the removal of lead and chromium from aqueous solutions. Effect of various 
factors on the removal of these metal ions from water (e.g. pH, adsorbent dose, 
adsorbate concentration, temperature, particle size, etc.) were studied. The effect of 
presence of other metal ions/surfactants on the removal of Pb^^ and Cr (VI) has also 
been studied. The material exhibits good adsorption capacity and the data follow both 
Freundlich and Langmuir models. Thermodynamic parameters indicate the feasibility 
of the process. Kinetic studies have been performed to understand the mechanism of 
adsorption. Dynamic modeling of lead and chromium removal on red mud has been 
undertaken and found to follow first-order kinetics. The rate constant and mass transfer 
coefficient have also been evaluated under optimum conditions of removal in order to 
understand the mechanism. Column studies have been carried out to compare these 
with batch capacities. The recovery of Pb^^ and Cr^^ and chemical regeneration of the 
spent column have also been tried. 
Navarro, et al., (2001) have shown the influence of anions on the equilibrium 
and kinetic uptake of heavy metals from an aqueous solution by a novel nitrogen-type 
chelating adsorbent. Equilibrium experiments revealed that stoichiometric amount of 
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metals and anions are adsorbed by the resin. Kinetic studies showed that during the 
initial stage of adsorption, the anions are adsorbed by the adsorbent prior to the metal 
ions. This occurred almost simultaneously with an increase in solution pH. At 
equilibrium, the pH returned towards its initial value. The concentration of anion also 
fluctuated during the entire equilibration process. Following these observations, 
mechanisms governing the role of anions to enhancing capacity and rate of metal uptake 
of this type of chelating adsorbent type were established. 
The objective of the study (Ayub, et al., 2001) was to evaluate the efficiency of 
neem bark in the treatment of industrial waste such as electroplating wastewater. The 
effects of pH, Contact time. Adsorbent dose, Concentration of metal, and Isotherm 
models were studied in a batch process. The removal was in general most effective at 
pH 3. At 50mg/l concentration of metal, about 83% removal was observed in an 
adsorbent dose of 1 Og/I in 12 hours-contact time. The data for the above are tit well to 
the Freundlich isotherm. 
Yoshio et al., (2001) have studied a recovery system of hexavalent chromium 
utilizing condensed tannin gels derived from a natural polymer with many 
polyhydroxyphenyl groups. The possible adsorption mechanism of Cr (VI) to the tannin 
molecules has been explained. The adsorption mechanism consist of four reaction steps; 
the esterfication of chromate with tannin molecules, the reduction of Cr (VI) to trivalent 
chromium Cr (III), the formation of carboxyl group by the oxidation of tannin 
molecules and ion exchange of the reduced Cr (III) with the carboxyl and hydroxyl 
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groups. It was found in this recovery system that a large amount of protons were 
consumed accompanied with the reduction of Cr (VI) so that the acidic solution 
containing Cr (VI) was transferred automatically to neutral one by choosing an 
appropriate initial pH. The carboxyl group which was created by the oxidation of tannin 
molecule parallel to the reduction of Cr (VI) to Cr (III) contributed to an increase in the 
ion exchange sites of the reduced Cr (III). The maximum adsorption capacity of Cr (VI) 
reached 287 mg Cr/g dry tannin gel under the conditions of 0.77 water content of tannin 
gel and the initial pH of 2. This adsorption capacity was five to ten times higher than 
that obtained by the ion exchange between ordinary Cr (III) and tannin molecules for 
the tannin gels prepared under similar conditions. The proposed system had provided 
important information on a zero- emission- oriented process because it has such 
advantages as higher adsorption capacity of chromium and lower volume of secondary 
wastes compared with conventional process. 
The ability of fruit peel of orange to remove Zn, Ni, Cu, Pb and Cr from aqueous 
solution by adsorption was studied by (Ajmal, et al., 2000). It was found the adsorption 
was in the order of Ni (II) > Cu (II)> Pb (II) > Zn (II) > Cr (II). The extent of removal of 
Ni (II) was found to be dependent on sorbent dose, initial concentration, pH and 
adsorption followed first order kinetics. The process is endothermic showing monolayer 
adsorption of Ni (II), with a maximum adsorption to an initial concentration of 50 mg/1 
at pH 6.0. Thermodynamic parameters were also evaluated. Desorption was possible 
with 0.05 M HCl a 98.83% in column and 76% in batch process, receptively. The spent 
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adsorbent was regenerated and recycled thrice. The removal and recycle in wastewater 
and was found to be 89% and 93.33%, respectively. 
Peat has been investigated by several researchers as a sorbent for the removed of 
dissolved metals from waste streams. Besides being plentiful and inexpensive, peat 
possesses several characteristics that make it an effective media for the removal of 
dissolved metal pollutants. The mechanism of metal ion binding to peat has been 
explained with the several theories such as ion exchange, complexation, and surface 
adsorption being the prevalent theories. Factors affecting adsorption include pH, 
loading rates, and the presence of competing metals. The optimum pH range for metals 
capture is generally 3.5-6.5. Although the presence of more than one metal in a solution 
creates competition for sorption sites and less of a particular ion may be bound, the total 
sorption capacity has been found to increase. Studies have also shown that metals 
removal is most efficient when the loading rates are low. In addition, recovery of 
metals and regeneration of the peat is possible using acid elution with little effect on 
peat's sorption capacity. The utilization of peat and other biomass materials for the 
treatment of wastewater containing heavy metals is gaining more attention as a simple, 
effective and economical means of pollution remediation. Pelleting processes can 
produce a robust media for a variety of applications where traditional methods of 
pollutant removal would be economically or technologically difficult (Brown, et al.. 
2000). 
53 
Cimino, et al., (2000) showed the removal of ions such as Cd Zn three- and 
hexavalent chromium from aqueous solutions using hazelnut shell as biosorbent 
substrate. Batch equilibrium tests showed that the metal sorption was dependent on both 
pH and surface loading. For Cd Zn and Cr ^^  ions the maximum removal was 
observed only into a specific pH range. The metal ion sorption obeyed both the 
Langmuir and Freundlich isotherms. Experiments by mixed solutions showed that more 
Cr ^^  ions were removed than both Cd "^^ and Zn ^^  ions. The Cr (VI) removal was pH 
dependent and fitted with the Langmuir isotherm model. 
Devies and Cliffe, (2000) investigated the removal of Zn and Cu from sea water 
using mucas of the littoral gas tropod mollusc patella vulgata (common limpet), which 
were collected from the coast of north east England and used within 36 hours of 
collection. Authors reported the detection limits were O.Oljig/g for Zn and 0.03|ag/g for 
Cu. 
Nakano, et al., (2000) developed tannin gel particles those had extremely high 
adsorption capacity for hexavalent chromium Cr (VI) for controlling gelation of 
Mimosa tannin extracted from the bark of plants. The gelation process consisted of two 
stages; partial gelation of Mimosa tannin by reaction with formalde- hyde (cross-lining 
agent) and granulation by dispersing the partially gelated solution into a liquid mixture 
of decalin and polyether nonionic surfactant with vigorous stirring. The maximum 
adsorption capacity, 540 mg-Cr (VI)/ (g-dry tannin gel) was obtained at a water content 
of 77.6% with an acidic solution of pH 6.2. 
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For removal of chromium using low cost adsorbents, Rao, et al., (2000) have 
applied adsorption technique for the removal of chromium from aqueous solution using 
wheat straw dust, and coconut jute, and compared the results with the powdered 
activated carbon. The high uptake of hexavalent chromium was observed with powder 
activated carbon at pH 2.0, and for the other adsorbents at pH 6.0. The sorption of Cr 
(VI) is found to be diffusion controlled and the external mass transfer were determined 
by varying contact time, adsorbent dose, initial Cr (VI) concentration and the adsorbent 
particle size at a temperature of 38 ± 1® C. Batch adsorption studies were carried out 
and the Langmuir and Freundlich adsorption isotherms were used to analyze the 
equilibrium data. Powdered activated carbon had removed 90 percent of Cr (VI) at pH 
2.0, for an initial concentration of 50mg/l, adsorbent dose of 2.5 g/1 and contact period 
of 60 minutes, where as the wheat straw dust and coconut jute effectively removed the 
hexavalent chromium at pH 6.0 with an adsorbent dose of 3.0 mg/1, initial concentration 
of 100 mg/1, contact time of 120 minutes and 150 minutes for coconut jute. The 
Langmuir isotherm is the better fit with respect to Freundlich isotherm for all the 
adsorbents. 
Neem (azadirachta indica) bark for the removal of mercury from water (Ansari, 
et al., 1999) was studied for the removal of mercury from the water. They observed that 
neem bark powder of <53 // size has very high sorption capacity for Hg (II) with > 99% 
removal from the solution containing lOOmg/1 of Hg (II) with 0 .1% (W/Y) 
concentration of neem bark powder. 
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Aggarwal, et al., (1999) studied the adsorption isotherms of Cr (III) and Cr (VI) 
ions on two samples of activated carbon fibres and two samples of granulated activated 
carbon solutions in the concentration range 20-1000 mg/1. The adsorption isotherms 
were determined after modifying the surfaces by oxidation with nitric acid, ammonium 
persulphate, hydrogen peroxide and oxygen gas at 350^ C and after degassing at 
different adsorption of Cr (II) ions increases on oxidation and decreases on degassing. 
On the other hand, the adsorption of Cr (VI) ions decreased on increase of degassing. 
The increase of Cr (II) and the decrease of Cr (VI) on oxidation and decrease of Cr (III) 
and increase of Cr (VI) have been attributed to the fact that the oxidation of the carbon 
surface enhances the amount of acidic carbon - oxygen surface groups while eliminates 
these groups. Thus while the presence of acidic surface groups enhance the adsorption 
of Cr (II) cations, it suppresses Cr (VI) anions. 
Ariyapadi, et al., (1999) found the high degree of Cr (VI) removal using simple 
cheletan type ion exchange resin. A synthetic effluent containing 200 mg/1 of Cr (VI) 
was allowed to pass through the column at a flow rate of 2.5 1/h. Results showed that Cr 
(VI) concentration in the outlet remained less than 0.1 mg/1 for about 5 bed volumes and 
then as the bed saturated it began to rise sharply and then the concentration of Cr (VI) 
remained constant. The resin was regenerated using 5% HCl. Investigators concluded 
that the structure of the resin could not be clearly understood, hence future researchers 
may work on the maximum number of cycles and the bed volumes, effect of impurities 
and interfering agents on the resin and need to develop a suitable model for the 
adsorption mechanism. 
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The use of low-cost sorbents has been investigated as a replacement for current 
expensive methods of removing heavy metals from solution (Bailey, et al., 1999). 
Natural materials or waste products from some industries which show a high capacity 
for heavy metals removal can be used, and disposed off safely with little cost. 
Modification of the sorbents can also improve adsorption capacity. Bailey et al., (1999) 
have given an extensive list of sorbent and a summary of available information on a 
wide range of potentially low-cost sorbents, including bark, chitosan, xanthate, zeolite, 
clay, peat moss, seaweed, dead biomass, and others has been given. Some of the 
highest adsorption capacities reported for cadmium, chromium, lead and mercury are: 
1587mg Pb/g lignin, 796mg Pb/g chitosan, 1123mg Hg/g chitosan, lOOOmg Hg/g CPEI 
cotton, 92mg Cr (III)/g chitosan, 76mg Cr (III)/g peat, 558mg Cd/g chitosan. and 
215mg Cd/g seaweed. 
Bhalke, et al., (1999) studied the uptake of heavy metals including fertile 
uranium and fission products strontium and cesium by using sunflower plant dry 
powder at pH 2.5, 4.0 and 7.5. The heavy metals were taken up by the plant to 
significant levels (K<i> 10 mg/1 at pH 7.5). The distribution coefficient (IQ ) value for Sr 
is higher at pH 2.5 than at pH 4.0 & 7.5. Other elements such as Pb, Zn, Cu, Cd have 
lowest K<i values at pH 2.5 and highest at 7.5 in the descending order. 
Contrary to using natural adsorbents, some investigators worked with the 
synthesized reactive polymer such as, long alkyl quatemized poly (4-vinylpyridine) 
(PVP), and coating it on the surface of silica gel to produce a granular sorbent to remove 
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Cr (VI) from water. Batch experiments were conducted to determine the kinetics, 
sorption isotherm, pH effects, and influence of other anions on the chromium adsorption 
onto the coated silica gel. The research demonstrated that the synthesized PVP-coated 
silica gel (referred to as coated gel) could successfully remove chromium (VI) from 
solution. The adsorption of Cr (VI) by the coated gel was strongly influenced by the 
pH. The maximum sorption occurred at about pH 4.5-5.5 under the laboratory 
conditions. The removal efficiency was 100% when the initial Cr (VI) concentration 
was 2.5 mg/1 with 2.5 g/1 of coated gel at pH 5.0. The concentration of Cr (VI) had 
pronounced effect on the rate of sorption. Compared to ion exchange, the sorption 
kinetics of Cr (VI) was rapid (about 5 hrs.) The equilibrium sorption data fitted the 
Langmuir isotherm model. Chromium adsorbed on the coated gel was easily recovered 
under certain conditions (Gang, et al., 1999). 
Oat and wheat straw are abundant yet at the same time are not widely used. For 
this reason (Rios, et al., 1999) tested them as metal ion removers from water solutions. 
Batch experiments were done to determine the affinity of both biomasses for Cu (II), Pb 
(II, Cr (III), Cr (VI), Ni (II), Zn (II), and Cd (II) metal ions at several pHs; times of 
reaction and the adsorption capacity for each metal were determined under optimum 
conditions. The metal ion removal from the biomass was also measured. The batch 
experiments showed that pH 5 was the best for adsorption of most of the metal ions, the 
exception being Cr (VI) (pH 2) in both biomasses. The best adsorption capacities were 
observed for Pb (II), and Cd (II) for both biomasses. The biomasses were also tested 
after modification with NaOH to improve their adsorption capacities. The NaOH 
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modification conditions were established by experiments carried out on each biomass. 
Surprisingly, it was noticed that the drying process during modification affects the 
adsorption capacity of oat biomass but not wheat biomass. Simultaneous experiments 
for adsorption capacities of each metal ion were performed by exposing both the 
unmodified and NaOH modified biomasses to the same environmental conditions. It 
seems that both biomasses can be employed in heavy metal ion removal processes. 
Environmental pollution caused by chromium is of considerable importance. It 
finds wide spread usage in electroplating, metal finishing, leather tanning industries. 
Chromium compounds are toxic substances that have adverse effects on living 
organism. Hence the removal of chromium from wastewater prior to its disposal is 
essential. An attempt has been made in the study to evaluate the potential of lignite to 
remove hexavalent chromium from the synthetic wastewater by adsorption. In order to 
understand the adsorption behavior and the adsorption potential of lignite, a number of 
batch experiments were conducted by (Ayub, et a l , 1999). The effects of initial Cr (VI) 
concentration, contact time, and adsorbent dosage on the potential of lignite to remove 
chromium from wastewater were studied. The results obtained indicate the feasibility of 
lignite to be used as an adsorbent for the removal of chromium from the wastewater. 
The adsorption behavior followed the Freundlich isotherm. 
In the study of (Tran, et al., 1999), desiccant silica gel (DSG) was compared 
with chromatography silica gel (CSG) for its ability to remove metal ions including 
Pb^^, Cu^ "^ , Ni^ "^ , Zn^^, Cd^ "^  and from solution. The equilibration time was shorter 
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for UOi^^ (less then 1 h) than for the heavy metal ions (2-3h) and adsorption by DSG 
took longer to reach equilibrium compared with CSG, probably due to the smaller mean 
diameter of its pores. The adsorption process showed first order kinetics for all the 
metals studied. The mass transfer coefficients and overall rate constants were 
determined for each of the metals. The adsorption rates of the metal ions, in order of 
decreasing magnitude, were for both DSG and 
CSG. Metal uptake was found to increase rapidly within narrow pH range characteristic 
for each metal. The adsorption of the metal ions obeyed the Langmuir isotherm and 
followed the preferential order . Similarity of the 
isotherms for the individual metals was observed for both DSG and CSG, indicating a 
comparable removal capacity of DSG and its possible use as an alternative to CSG in 
adsorption applications. Adsorption from lead (Il)-uranium (VI) solutions showed that 
the uptake of each metal was considerable reduced with an increasing concentration of 
the other, the adsorption of lead (II) being more strongly influenced by uranium (VI) 
than vice versa due to the higher affinity of silica gel for the latter. 
Ajmal, et al., (1998) studied that adsorption behavior of cadmium, zinc, nickel, 
and lead from aqueous solutions by manngifera idica seed shell. Authors conducted the 
batch adsorption studied at different temperatures. Adsorption increased with contact 
time and equilibrium attained in 90 minutes, it was observed that 72 % of cadmium 
removal at pH 5.0 and 91% removal of Zn, Ni and Pb at 6.0 and thereafter increase in 
pH resulted in decrease in percent removal. In case of Cd (II), the maximum removal 
was found when the temperature was between 30- 40° C, but above 40° C the adsorption 
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of the adsorbate increase may be due to weakening of adsoiptive forces between active 
sites of the adsorbents and the adsorbate species and also between the adjacent 
molecules of the adsorbed phase. Adsorption of Cd (II), Zn (II) and Pb (II) at pH 5.0 
obeyed the Freundlich equation and the Langmuir equation. The calculated Freundlich 
equation constants (In K) ware > 1, at all the temperature range (40- 50^ C), indicated 
that the ions Zn, Ni and Pb are strongly adsorbed on the adsorbent. Finally authors 
studied the effect of salinity by adding NaCl (0.25-9.0 gm/50 ml) on the adsorption of 
Cd, Zn, Ni and Pb. It was found that the presence of NaCl reduces the adsorption in all 
cases, may be due to relative competition between Na ions and Cd, Zn, Ni and Pb 
species on the active adsorption sites of Mangifera India seed shell. 
Bandyopadhyay, et al., (1998) made an attempt to investigate the adsorption of 
hexavalent chromium on sand alone and in combination with activated carbon. Authors 
reported that mixed adsorption (namely mixture of sand and activated carbon) brought 
out some interesting observations on the theory of adsorption. The removal of 
hexavalent chromium was found to be synergistically modified by the presence of sand 
over the activated carbon. Results indicated that equilibrium was attained in 2 hrs. For 
Cr (VI) removal by activated carbon the maximum removal of 72% was achieved at an 
adsorbent dose of 2g/100 ml for an initial Cr (VI) concentration of 2 mg/1. Optimum 
removal has been found to occur at a mixed adsorbent dose composition of 70% 
activated carbon and 30% sand by mass. 
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De Amab Kumar, (1998) reported in his review paper that the percentage 
removal of various heavy metals such as Hg, Pb, Cd, Cr, Fe, Mn, Cu, ans Ni using fly 
ash as low cost adsorbent are 93%, 92%, 93%, 44%, 99%, 58%, 95%, & 99.5% 
respectively. They reported the removal of Hg from the waste containing Hg (II) and 
concentration was reduced from 47 ppm to 0.76 ppm with an adsorbent (Coal fly ash) 
dose of 4.42 ppm. If the initial concentration of adsorbate is more, then higher bed depth 
was required. The exhausted fly ash was regenerated using O.IN HCL or 0.1 N H2SO4. 
Raji, et al., (1998) used saw dust charcoal for the removal of hexavalent 
chromium. Batch experiments were carried out and observed that at pH 2.5 and 
temperature 30" C, the equilibrium for the removal of Cr (VI) reached within 210, 240, 
270 and 300 minute for an initial concentration of 30, 75, 100 and 150 mg/1 
respectively. With the increase in initial concentration of Cr (VI) removal increased 
from 86.1%) to 95.2% at pH 2.5 and 30° C. This is due to that the percentage uptake is 
dependent on initial concentration because the adsorption sites adsorbed the available 
chromium more quickly at low solute concentrations. However, for higher 
concentrations, interparticle diffusion was predominant adsorption mechanism. The 
effect of pH on Cr (VI) removal was studied and found that the percentage removal 
increases to maximum at pH 2.5 and thereafter decreases sharply. 
Saravanne, et al,. (1998) studied the adsorption of Cu (II), Mn (II), Fe (II), and 
Cd (II) on saw dust, rice husk and chemically modified saw dust and the rice husk. Rice 
husk and saw dust was activated by treating three parts of its (by weight) with 1 to 2 
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parts of EDTA or activated carbon and keeping it in hot air oven at a temperature of 140 
to 160 C for a period of 24 hours. It was washed well with water to remove the traces 
of free acid and then dried at 105 to 110 ® C and then activated at a higher temperature 
at 800 to 850 ® C for a period of 30 minutes. It was found that the saw dust posses 
greater adsorption capacity for all metals than rice husk. Further chemically modified 
saw dust could remove 98.28% Cu (II), 100 % Mn (II), 96.72 % Fe (II) and 96.72 % 
Cd (II) from the wastewater. The chemically treated rice husks and saw dust both are 
very efficient for the removal of metal. It was found that the cupper and cadmium 
adsorption are effective at pH 4-6, manganese at pH 7 and the iron at pH 3-4. Removal 
of Cu (II), Mn (II) and Cd (II) increases from 28 mg/g to 48 mg/g when the 
concentration of metal ions increases from 30 to 100 mg/1 for all metals over a pH range 
of 2 to 9. It was also observed that the equilibrium was attained within 2 to 3 hours and 
is independent of initial concentration. Authors concluded that the activated carbon as 
an activator is found to be superior to EDTA for saw dust and rice husk and the process 
of uptake obey both Langmuir and Freundlich isotherm. 
Feasibility of foundry material, Wollastonite as adsorbent has been examined by 
(Sharma, et al., 1998) for water pollution control using adsorption process. The 
removal is found to be concentration dependent and low concentrations favour the 
uptake. The uptake increased from 41.7 to 69.5% by decreasing the concentration from 
2.0 X 10"* M to 0.5 X lO"* M at 0.01 M NaC104 ionic strength, 2.5 pH and 30V. Rate of 
uptake was found to be 3.0 x 10'^  min"' under optimum conditions and the process is 
governed by first order kinetic equation. The process involves both film and pore 
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diffusion, the min"^ under favourable conditions, while mass transfer coefficient for film 
mass transfer was found to be 2.31 x 10"^  s"' at 0.5 x 10"^  M Cr (VI) concentration at 
optimum conditions. The process is a typical example of endothermic adsorption and 
therefore, higher temperatures favour the uptake. Various empirical models have been 
developed. 
Ayub, et al., (1998) reviewed the earlier work for the removal of heavy metals 
using agricultural waste products. His survey reveals that stated that the various 
researchers have used low cost adsorbents such as saw, dust, straw, jute etc., in their 
studies. Although these adsorbents are cheaper then activated carbon but they are not 
feasible for industrial usage. These adsorbents usually clog the treatment system and 
their volume increases when they come in contact with moisture. 
The adsorption of nitrate, chromium (VI), arsenic (V) and selenium (VI) anions 
in an amine modified coconut coir (MCC- AE : with secondary and tertiary amine 
functionality) was studied by (Baes, et al., 1997) to determine the capability of easily 
prepared and low cost materials in removing typical groundwater anions contaminants. 
Batch adsorption ion exchange experiments were conducted using 200 mg MCC- AE. 
initially containing chloride as the resident anion, and 50 ml of different anion 
containing water of varying concentrations. It was presumed, at low pH only Se04^' 
remained as divalent anion, while monovalent species H2ASO4" and HCr04" 
predominated in their respective exchanging solutions. The adsorption data were fitted 
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into the Freundlich Model and maximum adsorption for each anion was estimated using 
their respective Freundlich equation constants. 
Gupta, et al., (1997) used activated carbon developed from fertilizer waste for 
the removal of Hg (II), Cr (VI), Pb (II) and Cu (II). The raw material was a waste 
product collected from National Fertilizer Limited (NFL) and was converted into 
activated carbon and the particles in the size range of 200 to 250 mesh were selected. 
Parameters selected for the studies were length of the primary adsorption zone (PAZ), 
total time involved for PAZ, time for PAZ to move down its length (td) , amount of 
adsorbate adsorbed in PAZ from break point to exhaustion, time of initial formation of 
PAZ (tf), etc. From the experimental results authors concluded that the total time for 
PAZ to establish itself move down the length of the column and the out of bed is least 
for Hg (II) and maximum for Cu (II) while Pb (II) and Cr (VI) falls in between. Similar 
trend was found for td and tf. The time required for the movement of zone down of its 
own length in the column is that in the between 2 to 4 hours. The time required for the 
formation of initial PAZ is between 1 to 2 hours. The percent saturation at break point is 
79.2, 75.0, 66.7 and 64.3 % for Hg ^^  Pb ^^  Cr ^^  and Cu^^ respectively. Exhausted 
adsorbent can be regenerated by applying 50.0 ml of NH4OH for almost complete 
desorption of chromium and 80.0 ml of 2M HNO3 for lead. Authors have considered the 
cost of the adsorbent and found that the most inexpensive variety of commercially 
available carbon in India costs US$250/ ton where as fertilizer waste costs about 
US$20/ ton including the cost of conversion into activated carbon. 
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Gupta, et al., (1997) studied the blast furnace slag, a waste generated in steel 
plant and converted in to a low cost potential adsorbent for the removal of Zn and Cd 
from wastewater. The optimum conditions were found to be pH 6.0 for Zn and 5.0 for 
Cd. The uptake of the metal ions was 75 - 90% at the low concentrations. Also the 
uptake of Zn and Cd increased with an increase in temperature thereby indicating the 
process to be endothermic in nature. The concentration of adsorption sites may be 
increased with raising temperature due to breaking of some internal bonds near the edge 
of particle. Adsorption data were fitted to Freundlich and Langmuir isotherms and the 
adsorption capacity (Kf ) is less for zinc slag system than that for the cadmium slag 
system. The value of Langmuir constant appeared to be significantly higher for the zinc 
slag system in comparison to the uptake of cadmium on the same adsorbent. Column 
operations were also performed and used BDST model to fit the data. 
Fe (III), Cr (111) hydroxide, a waste by - product obtained from the treatment of 
Cr (VI) containing wastewater in a fertilizer industry has been used by (Namasivayan. et 
a l , 1997) for the adsorption of Hg (II) from the aqueous solution. The influence of 
various parameters such as metal in the concentration (10-40-mg/l), agitation time 
(1-100 minutes), adsorbent dose (5-250 mg/50 ml), temperature (24 - 44® C) and pH 
value (4-10) on the removal of Hg (II) were studied. The adsorption followed both 
Langmuir and Freundlich isotherm models. The applicability of Lagergren model was 
also investigated. Almost complete removal of Hg (II) from the solution containing 40 
mg/1 in 50 ml solution by 175 mg of adsorbent occurred at initial pH of 5.6. Adsorption 
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was uniformly high (91%) in the pH range of 4.0 to 10.0. Desorption of Hg (II) showed 
that it was solubilised in 2% KI to the extant of 65%. 
Carbon slurry, generated as a waste material in a naphtha-based ammonia plant 
of the Fertilizer Corporation of India, Goraklipur, has been used by (Singh, et al., 1997) 
as an adsorbent for the removal of Cr (VI) from aqueous solution at different 
experimental conditions. The removal was favoured at low pH, with maximum removal 
at pH 2.5. The effects of concentration and temperature have also been reported. Batch 
adsorption kinetics have been described by the Lagergren equation. The applicability of 
the Langmuir isotherm for the present system has been tested at different temperatures. 
Thermodynamic parameters indicate the endothermic nature of Cr (VI) adsorption on 
carbon slurry. Recovery of adsorbed chromium for reuse has also been reported in the 
study. 
Sharma, et al., (1996) studied the foundry material for the removal of Cr (VI). It 
was observed that the removal increased from 41.7 to 69.5 % by decreasing the 
concentration of Cr (VI) 2.0 xlO"^ M to 0.50 xlO"* M at 0.01 M NaC104 ionic strength, 
pH 2.5, temperature 30" C and particle size of 100 micrometer. 
Srivastava, et al., (1996) studied that the removal of lead and chromium from 
wastewater using activated carbon developed from fertilizer waste material. Authors 
found that the removal of Cr (VI) was maximum at pH 2.0, where as in case of lead it 
did not change much with increase in pH and 50-80% of the removal occurred within 
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the first hour of contact time. The optimum parameters were found as dose of adsorbent 
as 1.0 g/1, temperature 30 ° C, particle size of 150-200 mesh and adsorbate concentration 
oflxlO'^M. 
Patnaik, et al., (1995) used blast furnace flue dust generated in the steel plants 
for the removal of hexavalent chromium. Results showed that at lower initial 
concentration of Cr (VI), the efficiency of removal of Cr (VI) is higher at lower pH. 
Similarly there was a definite decrease in percent removal from 16.3 to 10.1 % with the 
increasing temperature from 301 to 323 k. With the increase in adsorbent dose from 10 
to 15 mg/1, Cr (VI) removal efficiency increases to more than 90% when the Cr (VI) 
concentration is in between 2 to 5 mg/1. 
Sujata, et al., (1995) used the spent myrobalan nuts, a waste product for the 
removal of Cr (VI). It was found that 1.0 g/1 of spent nut removes 97% of Cr (VI) at 
optimum contact time of 75 minutes & pH of 2.5, for the concentration of 5.0 mg/1. 
Chand, et al., (1994) carried out batch experiment to assess the suitability of 
bagasse and coconut jute based materials as adsorbents for the Cr (VI) removal. The 
effects of solution pH, Cr (VI) concentration, adsorbent dosage and contact time were 
studied. The removal was in general most effective at low pH (< 2) values and low 
chromium (VI) concentrations. Activated coconut jute carbon was the most active 
among the four adsorbents studied. It was fairly stable even at higher pH. Removal of 
Cr (VI) to the extant of 97%, was observed with coconut jute carbon at natural pH, 
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conventional adsorbents showed much lower activities. The characteristics of the 
adsorbents (Chand, et al., 1994 and Pillai, et al., 1981) are shown in Table 3.1 
Table 3.1 Characteristics of the Adsorbents 
ABSORBENT % 
MOISTURE 
% VOLATILE 
MATTER 
% Ash 
j 
Raw bagasse 8.2 82.9 8.9 
Activated bagasse carbon 7.5 20.7 71.8 
Activated coconut jute carbon 6.8 17.2 76.0 
Bagasse ash 0.1 9.6 99.3 
Composition of Coconut Shell ( Pillai, et al., 198! ) % dry nut 
Moisture Ether 
extract 
Alcohol 
benzene 
Hot water 
extract 
Pentosan Lignin Cellulose 
6.76 0.17 1.98 1.76 30.31 32.32 26.60 
Singh, et al., (1994) investigated the removal of Cr (VI) leached acacia arabika 
bark which was treated with formaldehyde in acidic medium to prevent its colour 
leaching tendency. Sorption of Cr (VI) decreased with increase in pH (9.25 mg/g at pH 
2 0 to 2.5mg/g at pH 6.8) The equilibrium time was found to be two hours. For 
complete removal of 50 mg/1 of Cr (VI), adsorbent having a particle size of 0.44 & 1.22 
mm was required in quantities of 3 and 10 mg/1 respectively and the adsorption data 
followed the Langmuir isotherm 
The adsorption isotherm of chromium (VI) on activated carbon was obtained by 
(Ramos, et al., 1994) in a batch adsorber. The experimental adsorption data were fitted 
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reasonably well to the Freundlich isotherm. The effect of pH on the adsorption 
isotherm was investigated at pH values of 4, 6, 7, 8 and 12. It was found that at pH <6, 
Cr (VI) was adsorbed and reduced to Cr (III) by the catalytic action of the carbon and 
that at pH > 12, Cr (VI) was not adsorbed on activated carbon. Maximum adsorption 
capacity was observed at pH 6 and the adsorption capacity was diminished about 17 
times by increasing the pH from 6 to 10. The pH effect was attributed to the different 
complexes that Cr (VI) can form in aqueous solution. The adsorption isotherm was also 
affected by the temperature since the adsorption capacity increased by raising the 
temperature from 25 to 40''C. It was concluded that Cr (VI) was adsorbed significantly 
on activated carbon at pH 6 and that the adsorption capacity was greatly dependent upon 
pH. 
Sharma, et al., (1993) examined the adsorption of hexavalent chromium from 
aqueous solution by Irish sphagnum moss peat, studied the thermodynamics and 
kinetics of adsorption (and desorption) and reported the effect of pH and temperature on 
the adsorption. Two important physico-chemical aspects for the evaluation of the 
sorption process are the equilibria of sorption and the kinetics. Sorption equilibrium is 
established when the concentration of metal in a bulk solution is in dynamic balance 
with that of the interface. It is generally seen that the adsorption density, which is the 
mass (mg) of total chromium, removed per unit mass (g) of peat, increases slowly with 
decreasing solution pH up to a value of 2.5 and then rather sharply with further decrease 
in pH up to 1.5. Isothermal data have been used to calculate the ultimate sorption 
capacity of the peat by substituting the required equilibrium concentrations in the 
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Langmuir and Freundlich equations. The data demonstrate that peat is an effective 
adsorbent for chromium (VI) in acidic solutions in the 1.5-3.0 pH range. 
The effect of pH on adsorption process of a new low cost adsorbent material 
'rice straw' (ORYZA SATIVA) was studied by Ali, et al., (1992). The adsorption 
process of Cr (VI) on straw was found to be fully pH dependent at room temperature. 
The percent adsorption of Cr (VI) varies from 100% at low pH of 1-3 to 60-70% for 
solution of pH from 4 to 12 from its dilute aqueous solution. The process of adsorption 
of Cr (VI) on straw, though involves the pH adjustment but is effective, economical and 
convenient the adsorption is found to be complete. The adsorption of Cr (VI) on straw 
was also found to be time dependent and effective for removal of Cr (VI). For it both 
time and pH need to be considered. 
The ability of a low cost adsorbent material in removal of heavy metal ion Cr 
(VI) from aqueous solution was successfully investigated by Deo, et al., (1992). The 
material, paddy straw was found to be effective and was capable of removing 
completely the Cr (VI) from dilute aqueous solution. However, at higher initial 
concentration of Cr (VI) the percent removal was low. The method is effective under 
normal condition and needs no adjustment of pH and is cheap and convenient. The used 
adsorbent could be disposed off easily by burning the material. The dynamics of 
adsorption from bulk to solid phase under various experimental conditions was studied, 
and the results were interpreted with the help of various related isotherms. 
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Singh, et al., (1992) used saw dust coated with the iron hexamine gel for the 
removal of certain heavy metals such as Hg (II), Pb (II), Cr (VI), Ni (II), Cd (II) and Cu 
(II). This modified adsorbent exhibited good adsorption potential for Hg (II), Pb (II) and 
Cr (VI) and significant uptake of Ni (II), Cd (II) and Cu (II) but had poor capacity for 
Zn (II) and Mn (II) removal. 
Deepak, et al., (1991) used activated carbon and alumina for the removal of Cr 
(VI). It was found that 5g of activated charcoal could reduced 100% Cr (VI) from a 200 
ml sample containing 200 mg/1 Cr (VI) at neutral pH. With increase in initial Cr (VI) 
concentration there was corresponding decrease in percent Cr (VI) removal, because of 
the limitations of surface area for adsorption. For the same concentration alumina 
(AI2O3) showed 58% removal when 5.0 g/200 ml of adsorbent dose was given. 
Vanangamudi, et al., (1991) reviewed the chromium removal technologies. 
Chromium compounds are toxic substances which have pronounced adverse effects on 
human beings, animals, plants and aquatic life. Hence, the removal of chromium from 
the wastewaters becomes important. Adsorption is highly effective, cheap and easy 
method for the removal of chromium from effluents. Activated carbon, which is 
frequently used in the adsorption of pollutants, is costly both to use and to regenerate. 
Therefore, there is need for development of low cost, easily available materials which 
can remove chromium efficiently from various wastewaters. In this paper an attempt 
has been made to review a variety of low cost adsorbents used by various researchers. 
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Manju, et al., (1990) investigated the removal of Cr (VI) using coconut fibre pitli 
(CEP). Batch adsorption studies were conducted to determine the effect of adsorbent 
dose and adsorbate concentration. Maximum removal of hexavalent chromium was 
found in first two hours and equilibrium attained in three hours. Also it was found that 
percentage Cr (VI) removal decreased from 99.2% to 87.39 % with an increase in initial 
concentration of Cr (VI) from 50 to 200 mg/1. It was reported that this percentage 
reduction might be due to the fact that for a fixed adsorbent dose, the total available 
sites are limited thereby adsorbing almost the same amount of chromium. Authors 
concluded that the process is exothermic and the maximum Cr (VI) removal occurs at 
pH 2.0 and the thermodynamic parameters have been calculated and the adsorption data 
fits the Freundlich isotherms equation. They also reported that the spent carbon could be 
regenerated by washing carbon with IM NaoH. 
Removal of Chromium by adsorption on bituminous coal from the synthetic 
effluent is reported by Krishnaiah, et al., (1989). In order to understand the sorption 
behavior of Chromium and also to evaluate the extent of reduction from Cr (VI) to Cr 
(III), number of batch experiments were conducted on each-adsorbent-adsorbate system 
at various pH values (pH 1-6) with different amounts of adsorbent. The results illustrate 
that the adsorption is maximum at pH 2 and reduction is maximum at pH 1. 
Tiwari, et al., (1989) attempted to remove chromium (VI), copper and nickel 
from dilute solutions (concentrations ranging from 5 to 50 mg/1) by an activated carbon 
adsorption technique. Studies were restricted to pH range from 5.5 to 8.0. Adsorption 
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of chromium (VI) was found to exhibit a peak value at pH 5.5 and copper at 8.0. The 
adsorption of nickel was found to be appreciable in both the mediums but removal was 
faster in alkaline medium. 
Mehrotra, et al., (1988) used raw rice husk, raw bone powder, burnt rice husk, 
burnt bone powder and hair for the removal of chromium (VI) from aqueous solution. 
Results showed that major part of the total adsorption gets completed within 6-12 hours 
for all the adsorbents at all pH values and for hair and burnt rice husk the maximum 
uptake was obtained in 12 hrs at pH 2.0. The equilibrium data were approximated to the 
Freundlich and Langmuir isotherms for all the cases, hence it was a monolayer 
adsorption. Authors concluded that at an initial Cr (VI) concentration of 12,500 mg/1 
and 50,000 mg/1, Freundlich constant (1/n) was found to be > 1 and < 1 respectively 
indicating that adsorption was more efficient in lower concentrations. Authors also 
reported that all the adsorbents tried, hair and burnt rice husk exhibited good sorption 
capacity and hair was effective in removing various cations such as Hg Cu^^, Cd^^, 
Ni^^ and Pb^^ fi-om aqueous solutions. Activated carbon exhibits constant adsorption 
capacity over a wide pH range. 
Srinivasan, et al., (1988) reported that the removal of Cr (VI) by rice husk 
carbon and compared the results with commercial activated carbon. It was reported that 
88% removal of total chromium and 99% removal of hexavalent chromium in the pH 
range of 2.0-3.0 with a carbon dose of 1.6 g/1 and an equilibrium time of 4 hours. 
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Tare, et al., (1988) studied the use of soluble starch xanthates (SSX) for the 
removal of Cd (II), Cr (VI) and Cu (II) and insoluble starch xanthate (ISX) for the Cr 
(VI) and Cu (II). Resuhs showed that ISX has better binding capacity for metals. 
However with due consideration to yield the chemical requirements for the syntheses of 
ISX and SSX, SSX appears to have higher adsorption capacity for metal removal. The 
order of preference of metal binding capacity of SSX was found to be as Cr (VI) > Cu 
(II)> Cd (II) whereas ISX as Cr (VI) > Cu (II). 
Ananthakrishna, et al., (1982) investigated the removal of Cr (VI) by a batch 
process using the bottom ash as an adsorbent and achieved the maximum percentage 
removal (93%) at pH 4.0 with an initial chromium (VI) concentration of 200 mg/1. 
Authors reported that as the Cr (VI) concentration increases the removal capacity also 
increases. 
The removal of hexavalent chromium, Cr (VI) from dilute aqueous solution by 
activated carbon has been investigated by (Huang and Bowers, 1978). Hexavalent 
chromium species were removed by adsorption onto the carbon surface or by reduction 
to the trivalent state. The effects of hexavalent chromium concentration, carbon dosage, 
pH, and mixing on the rates of reduction and adsorption were studied in batch 
experiments. 
Huang, et al., (1975) investigated the use of calcinated coke for removal of 
chromium from dilute aqueous solution by a continuously mixed batch system. It was 
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found that the percentage of chromium removal is greatly affected by chromium present 
or more specifically, by the relative concentration of chromium and coke surface. At 
pH 2, for instance, the percentage for chromium removal increases from 7 percent for 
granular coke and 16 percent for powdered coke, respectively, at a hexavalent Cr 
concentration of 312 mg/1 as Cr to 100 percent for both cokes at 5.2 mg/1 as Cr. In 
general, more than 50 percent removal efficiency may be achieved if the hexavalent Cr 
concentration is less than 26 to 52 mg/1 as Cr and pH is less than 2 to 3. 
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CHAPTER FOUR 
4.0 Objective of the Present Work and its Relationship with 
the Previous 
Various investigators (Aggarwal, et al., 1999; Deepak, et al., 1991; Mahesh, et 
al., 1999; Ramos, et al., 1994; Singh, et a l , 1994; Srivastava, et al., 1996; Tiwari, et a l , 
1989; Huang, et al., 1977; Alerts, et al., 1989; Kim, et al., 1977; Lee, et al., 1989; Gang, 
et al., 1999; Deo, et al., 1992; Huang, et al., 1975; Periasamy, et al., 1991; Ayub, et al.. 
1998, 1999, 2001. 2002; Drake, et al., 1996; Shukhla and Sakhardane, 1991; Weber, 
1996; Chand, et al., 1994; Siddiqui, et al., 1994; Camino, et. al., 2000) have studied the 
different techniques for the removal of heavy metals from wastewater by adsorption 
process. Most of the previous works were accompanied by several flaws in their 
theoretical and experimental parts. The present work hopefully will help in resolving 
several shortcomings of the earlier studies. 
The preceeding studies on the removal of hexavalent chromium from the 
wastewater gave some qualitative and quantitative information. However, there are 
significant deficiencies in them. Some of well established methods have been in practice 
for decades such as precipitation, co- precipitation, reverse osmosis, ion exchange. The 
processes as precipitation and co-precipitation simply remove chromium from 
wastewater by reduction. Although these technique are quite satisfactory in term of 
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purging out chromium and other heavy metals, but they produce solid waste residues 
containing toxic compounds whose disposal is generally by land filling and which could 
cause possible ground water contamination. Reverse osmosis and ion exchange 
techniques are expensive and may not be suitable for all the application, 
A second deficiency in the more recent investigations is the activated carbon 
adsorption systems which are widely used and has played an important role in cleaning 
up industrial and municipal wastewater. The various researchers (Aggaerwal, et al., 
1999; Deepak, et al., 1991; Mahesh, et a l , 1999; Ramos, et al., 1994; Singh, et a l , 1994; 
Srivastava, et al., 1996; Tiwari, et al., 1989; Huang, et al., 1977; Alerts, et al., 1989; 
Kim, et al., 1977; Lee, et al., 1989) investigated use of activated carbon in their studies. 
The investigators have used various grades of carbon after subjecting them to different 
activation procedures to prepare it for the studies. The activated carbon is the most 
common commercial adsorption medium and full-scale processes based on this are in 
operation in developed countries. However, use of activated carbon is not suitable for 
developing counties like India because of its high cost and losses during the regeneration 
restricts its application. Hence the commercial activated carbon could substitute with 
unconventional, low cost and locally available agricultural waste adsorbents. 
Several researchers have explored the possibility of using agricultural 
waste adsorbents such as sugarcane bagasse, coconut jute, nutshell, rice straw, rice husk, 
waste tea leaves, groundnut husk, crop wastes, peanut hulls, compost wates etc. for the 
removal of Cr (VI) by low cost adsorbents (Gang, et al., 1999; Deo, et al., 1992; Huang, 
78 
et al., 1975; Periasamy, et al., 1991; Ayub, et a!., 1998, 1999, 2001, 2002; Drake, et al., 
1996; Shukhla and Sakhardane, 1991; Weber, 1996; Chand, et al., 1994; Siddiqui, et al., 
1994; Camino, et. al., 2000; Orhan, et al., 1993; Okiemen, et al., 1991; Maranone, et al., 
1992 ; Arulnatham, et al., 1989 Alaerts, et al., 1989). Unfortunately none of the 
investigators have thoroughly studied the nature of adsorbents and its characteristics 
using electronic microscope scanning. In the present studies, the characteristics of the 
adsorbent before and after the adsorption were studied first time. Few researchers used 
adsorbents without initial treatments, which ultimately increased BOD (Biochemical 
Oxygen Demand) due to hydrolysis of lignin. Some agricultural waste adsorbents such 
as rice straw, rice husk, wheat straw etc. clogged the adsorption column due to large 
increase in volume after getting soaked in water. Initial characterization of the 
adsorbents was in complete in the most of studies. 
Another shortcoming in the past investigations is that only batch studies were 
conducted to find the effects of pH, contact time, adsorbents dose etc. Results obtained 
in the study were not properly interpreted (Chand, et al., 1994; Gang, et al., 1999; Deo, 
et al., 1992). Kinetic studies have not been performed to understand mechanism of 
adsorption process. Chand, et al., (1994) carried out batch experiments to asses the 
suitability of bagasse and coconut jute for the removal of Cr (VI). The author conducted 
batch studies and have not mentioned how the adsorbents were prepared. Further more, 
desorption / leaching testes were not conducted. Removal of heavy metals using low 
cost adsorbents was also studies by Rao, et al., (2000) and Beiley et al., (1999). Wheat 
straw dust, coconut jute, bark, peat, seaweeds etc. were used as adsorbents by them in 
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the batch studies. Column studies were not conducted to compare the results with batch 
performance. No initial and final characterization of the adsorbent was reported. 
Rai, (1995) has taken bagasse ash, brick kiln ash, fly ash. Rice husk ash and saw 
dust as adsorbents for their batch studies and found that the adsorption equilibrium data 
for different adsorbents fitted well to Freundlich and Langmuir isotherms. The rice husk 
ash and saw dust were found best and most inexpensive adsorbents for chromium 
removal and he recommended column studies for optimizing the process conditions in 
his research work. Cimino, et al., (2000) have used hazelnut shell as biosorbent 
substrate for the removal of ions such as Cd Zn three- and hexavalent chromium 
in batch equilibrium tests. The Cr (VI) removal was found to be pH dependent and fitted 
with the Langmuir isotherm model. The authors did not make column study as well as 
leaching test in their study. 
As explained above, the removal of hexavalent chromium by adsorption has 
been investigated by several workers in the past. However, there are several 
shortcomings and attention has not been paid to make a complete investigation. In the 
present work, for the first time, efforts were made to fulfill following objective. 
1. The various processes available for the chromium (VI) removal have been 
evaluated and thrust has been laid to develop environment friendly, cost 
effective appropriate technology. 
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2. In present study, adsorption technique for the removal of heavy metals has been 
adopted. It is a tertiary treatment process and is suitable for treating domestic 
and industrial waste, due to its sludge free clean operation. 
3. Due to the high cost of activated carbon and its complex regeneration process, 
the agricultural waste adsorbents such as neem bark, coconut shell and sugar 
cane bagasse have been investigated in the study. 
4. The adsorbents were characterized before and after the adsorption using 
scanning electron microscopy technique. The adsorbents were pulverized, 
screened and stock of uniform size was prepared to use in the study. Thus effect 
of particle size on the adsorption was studied first time in a systematic fashion 
5. Column studies were made to determine the parameters to design a continuous 
system. Lastly leaching studies on each adsorbent was made to understand the 
hydrolysis of the agricultural waste material under the experimental conditions. 
This was done first time and none of the past investigator carried out this 
important output. 
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CHAPTER FIVE 
5.0 Materials and Methods 
5.1 Collection of samples and site description 
Aligarh is a medium sized semi industrialized town located in northern India 
135 Km South - East of New Delhi. The city is famous for the electroplating of 
locks and other building materials for the indigenous as well as export market. A 
number of water samples from various parts of the town were analyzed to identify 
the contaminated surface waters. The samples of electroplating effluents were also 
collected from the discharge points of the factory / surroundings and its nearby and 
stored as per standard methods before analyzing the physico-chemical parameters. 
All the samples were tested for pH, chloride, alkalinity, suspended solids, hardness, 
total dissolved solids and heavy metals chromium contamination. The study reveals 
that most of the places the surface water is within the limit except a few places 
where the water was observed to be hard and contained chromium (VI) 
contamination. The details are given in Table 5.1. However the chromium 
contamination in the surface water was found above the prescribed safe limit 0.1 
mg/1 (Table 2.6). 
5.2 Selection of adsorbents and Sample Preparation 
In the present work various agro-based waste materials such as, coconut 
shell, neem bark (azadichta Indica) and raw bagasse have been used as adsorbents 
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for the investigating the removal of Chromium (VI) from the wastewater using batch 
and column adsorption processes. These adsorbent are widely available in India. A 
considerable amount of different types of agricultural wastes are generated during 
the harvesting of various crops. These agricultural wastes if properly utilized can 
serve as a means of pollution control from various industrial units. Neem bark are 
widely available all over the India and coconut shell is a waste material easily 
available in the southern states. Chand, et al., (1994) also used raw bagasse for the 
treatment of hexavalent chromium without the characterization of adsorbent and 
carried out only effect of adsorbent dose, pH, Initial concentration, temperature and 
isotherm parameters in study. Although other investigators have studied removal of 
metals such as Cadmium and Copper using sugar cane bagasse, only Chand, et al., 
(1994) have used for the removal of chromium (VI). In this investigation, sugar cane 
bagasse was studied to verify the results of Chand, et al., (1994). Secondly Chand, et 
al., (1994) did not characterize the bagasse before and after adsorption and do not 
carried out the column study. No other investigator has carried out adsorption on 
Neem bark and coconut shell for the removal of Cr (VI). As both materials are 
abundantly available throughout India, so it was considered to study the adsorption 
characteristics of both of them. Some investigator such as Arulnatham, et al., (1989) 
has studied removal of cadmium and lead on coconut shell but none of them have 
used Neem bark. 
5.2.1 Coconut Shell 
The coconut shell was first dried at a temperature of 150° C for 5 hours. 
After grinding it was sieved to obtain average particle size of 225 mesh (Indian 
Standard Sieve). It was then washed several times with distilled water to remove 
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lighter materials and other impurities. The adsorbent was dipped in IN NaOH for a 
period of 10 hrs and washed several times with distilled water to remove the lignin 
content and then dried. The adsorbent was again washed separately with double 
distilled water two to three times and dipped into O.IN H2SO4 for the period of 10 
hrs to remove traces of alkalinity. The acid treated adsorbent is washed thoroughly 
with double distilled water. Thereafter the material was dried in sun and stored in a 
desiccator. 
5.2.2 Neem Bark 
Fresh neem bark (azadichta Indica) was obtained fi-om neem tree. Then it 
was dried at a temperature of 100° C for 5 hours. After grinding it was sieved to 
obtain average particle size of 225 mesh (Indian Standard Sieve) to increase the 
surface area. It is then washed several times with distilled water till it was free from 
colour causing substances and supernatant was clear. The adsorbent was dipped in 
IN NaOH for a period of 10 hrs and washed several times with distilled water to 
remove the lignin content and then dried. The adsorbent was again washed 
separately with double distilled water two to three times and dipped into O.IN H2SO4 
for the period of 10 hrs to remove traces of alkalinity. The acid treated adsorbent 
was later washed thoroughly with double distilled water. Thereafter the material is 
dried in sun and stored in desiccator. 
5.2.3 Sugarcane Raw Bagasse 
In the present study the inner part of the sugarcane bagasse is taken as 
adsorbent. Washing was done by putting the bagasse in beaker, shaking it several 
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times till it removed the dust and soluble impurities. After crushing and grinding it 
was sieved to obtain average particles of 225 mesh (Indian Standard Sieve). The 
adsorbent was dipped in IN NaOH for a period of 10 hrs and washed several times 
with distilled water to remove the lignin content and then dried. The adsorbent was 
again washed separately with double distilled water two to three times and dipped 
into O.IN H2SO4 for the period of 10 hrs to remove traces of alkalinity. The acid 
treated adsorbent was washed thoroughly with double distilled water till the wash 
water was colourless. Thereafter the material was dried in sun and stored in a 
desiccator. 
5.3 Chemicals 
Chromium (VI) was used as an adsorbate. In order to have waste of uniform 
characteristics and to avoid interference with other impurities the laboratory 
wastewater was prepared by dissolving a known amount of potassium dichromate in 
a known volume of distilled water. For 1000 mg/1 hexavalent-chromium 
concentration solution 2.282g K2Cr207 (AR Grade) was dissolved in 1.0 L of 
distilled water. The chemicals used in the present study were: Potassium dichromate 
(Qualigens Fine Chemicals, Mumbai, India), Sodium hydroxide and Sulphuric acid 
(Qualigens Fine Chemicals, Mumbai, India) all laboratory grade. The stock solution 
was stored in a safe location and the required quantity was diluted with the deionized 
double distilled water to make solution of concentration used in the studies. The 
water used in the study was deionized and later double distilled and stored securely 
to avoid any contamination. 
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Electroplating rinse wastewater was obtained from Sigma Engineering 
works, Anoop shaher road, Aligarh. The adsorbate concentrations were in the range 
of the Cr (VT) concentration found around Aligarh city as mentioned in Table 2 .5. 
5.4 Experimental Procedure 
In order to understand the adsorption behavior a number of batch studies 
were conducted according to the Standard Method to investigate the effect of 
adsorbent dose and contact time, pH, concentration of metal, particle sizes and 
temperature variation. For these studies, wastewater of various concentrations of Cr 
(VI) was prepared from the stock solution and kept separately in glass stoppered 
conical flasks. Then suitable doses of adsorbent were added to the wastewater in a 
conical flask of 250 ml. The system was equilibrated by shaking the contents of the 
flasks at room temperature on a mechanical shaker (Indian Scientific Instruments 
factory, Ambala Cant, India) so that adequate time of contact between adsorbent and 
the metal ion was maintained. The suspension was filtered through Whatman (No. i) 
filter paper and the filtrate was analyzed to evaluate the concentration of Cr (VI) 
metal in the treated wastewater by using atomic absorption spectrophotometer (GBC 
902). Adsorption studies were made for various times. Uhimate saturation time was 
also determined for each dose. These studies were carried out at the room 
temperature which varied from 20-25" C in winter time to 30-38° C in summer time. 
In the elevated temperature studies the temperature was maintained by external 
heaters in closed chamber. 
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5.4.1 Batch Studies 
In order to evaluate the effect of adsorbent dose and contact time, pH, 
concentration of metal, particle sizes and temperature variation on the potential of 
agricultural waste adsorbents to remove Cr (VI) from the wastewater, batch 
experiments were designed as described below. 
5.4.1.1 Effect of Adsorbent dose and Contact time on Fraction Adsorbed 
To study the effect of various adsorbent dose and contact time on Cr (VI) 
removal, suitable doses of adsorbent ranging from 2.0 to 60 g/1 were added to 50 ml 
wastewater sample having initial Cr (VI) concentration of 50 mg/1. The initial pH of 
the wastewater before addition of the adsorbent was recorded as 1.5 for coconut 
shell & sugarcane bagasse, where as 3.0 for neem bark. The final concentration of Cr 
(VI) in the solution was determined after (0.5 hrs to 24 hrs) contact time. Thus the 
amount of Cr (VI) adsorbed at various adsorbent doses and contact time has been 
determined as fraction of chromium adsorbed at any time divided by the chromium 
adsorbed at the saturation time. 
5.4.1.2 Effect of pH on Fraction Adsorbed 
The pH of a solution from which adsorption occurs may affect the extent of 
adsorption for several reasons. Due to strong adsorption of hydrogen from the 
solution and hydroxyl ions on the adsorbents, the adsorption of other ions is strongly 
influenced. The pH of the solution also affects the degree of ionisation, and in turn 
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affects the extent of adsorption. In the study various pH values ranging form 1.0 to 
9.5 were studied at an initial Cr (VI) concentration of 50 mg/1. An adsorbent dose of 
10.0 g/1 was added to 50 ml of wastewater. The pH was maintained by IM sulphuric 
acid / sodium hydroxide. The amount of Cr (VI) adsorbed was determined as 
described in the above section. 
5.4.1.3 Effect of Initial Cr (VI) concentration on Fraction Adsorbed 
Wastewater samples having different concentration of Cr (VI) ranging 5.0 to 
100 mg/1 were taken separately in glass stoppered conical flasks, and 10 g/1 
adsorbent was added to each flask. The size of wastewater sample was taken as 50 
ml in each case and the contact time was kept 2.5 hrs for sugarcane bagasse, 24 hrs 
for coconut shell and 12 hrs for neem bark. The temperature was maintained as 30° ± 
l"C. 
5.4.1.4 Effect of Contact Time and Particles size on Fraction Adsorbed 
Uptake of adsorbate species is rapid in the initial stages of the contact period 
and becomes slow near equilibrium. Three particles size 75 micron, 150 micron and 
300-micron sieve (Indian standard Sieves) with an initial adsorbate concentration of 
50mg/l and the contact time from 0.5 to 24 hrs were studied. The initial pH of the 
wastewater before addition of the adsorbent was measured as 1.5 for coconut shell & 
sugarcane bagasse, where as 3.0 for neem bark. The temperature was maintained at 
30.011^ in all the runs except those meant for investigating the effect of 
temperature. 
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5.4.1.5 Effect of Contact Time and Temperature on Fraction Adsorbed 
Adsorbate concentration was maintained at 50 mg/1 and adsorbent dose of 
10.0 g/1 in all experiments. The effect of temperature upon the adsorption rate was 
investigated at SO^C, 40''C and 50°C by keeping them in temperature controlled oven 
(Indian Scientific Instruments factory, Ambaia Cant, India). The contact time varied 
from 30 minutes to 24 hrs and the pH was maintained by sulphuric acid and sodium 
hydroxide. The residual concentration of chromium was subsequently determined. 
5.4.2 Column Studies 
Although batch laboratory adsorption studies provide useful information on 
the application of adsorption to the removal of waste constituents, column study 
provide the practical application in the waste treatment technology for the design of 
continuous adsorption columns. When wastewater is introduced at the top of clean 
bed of adsorbent, most solute removal initially occurs in a rather narrow band at the 
top of the column, referred to as the adsorption zone. As adsorption continues, the 
upper layers of packing material become saturated with solute and adsorption zone 
progress downward through the bed. Eventually, the adsorption zone reaches the 
bottom of the column, and the solute concentration in the effluent begins to increase. 
A plot effluent solute concentration verses time usually yields an S- shaped curve. 
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referred as a breakthrough curve. The point on the S-shaped curve at which the 
solute concentration reaches its maximum allowable value is referred to as 
breakthrough. 
Column studies were conducted using a glass column (Internal diameter 1.0-
cm). Adsorbent was suspended in distilled water for 15 minutes by shaking in a 
beaker at the speed of 150 rpm, and then transferred in to the glass column. This was 
done to disperse the particles properly and to avoid conglomeration. After this, 
particles were transferred in the column. The glass wool was kept at the bottom and 
top ends in order to avoid its loss with the liquid flow or floating. The flow rate was 
maintained at 1.0 l/d. Concentration in the influent and exit stream from the column 
were determined using atomic absorption spectrophotometer (GBC 902). The 
experimental set-up is shown in Figure 5.1. The column experiments were conducted 
at the room temperature. 
5.4.3 Hydrolysis of Adsorbent and Desorption 
It is likely that the agricultural waste materials hydrolyze at the experimental 
pH. Therefore it was found necessary to study the hydrolysis characteristics of the 
adsorbents. Desorption tests were conducted for all the adsorbents after their use in 
the equilibrium adsorption studies. 10 gram of saturated adsorbent was placed in 250 
ml stoppered conical flask with distilled water and was kept at room temperature for 
over 3 hours. After this the adsorbent was filtered and the solution was analyzed for 
the chromium content. 
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CHAPTER SIX 
6.0 Results and Discussions 
6.1.0 Coconut Shell 
6.1.1 Batch Study Parameters 
The experimental data obtained during the adsorption studies are being used to 
evaluate the effect of adsorbent dose and contact time, influence of pH, effects of 
various initial Cr (VI) concentrations, effect of variation of contact time and different 
particle sizes, effect of contact time and temperature. Adsorption isotherms are plotted 
to determine the feasibility of adsorbing system. Kinetic studies have been performed to 
understand the mechanism of adsorption. Thermodynamics parameters indicate the 
feasibility of the process. Column studies have been carried out to compare these results 
with the batch studies. 
(a) Effects of Adsorbent dose and Contact time on Adsorption 
The response of adsorbent dose and contact time on the removal of Cr (VI) is 
shown in Figure 6.1. The chromium uptake was studied by varying the amount 
adsorbents from 5 to 60 g/1 and contact time from 1 hour to 24 hours. The pH was 
maintained at the value of 1.5 which it was found that maximum Cr (VI) removed was 
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taking place. The results show that an increase in the fraction adsorbed of Cr (VI) 
occurs with corresponding increase in the dose of coconut shell and contact time up to 
certain level, beyond which the fraction adsorbed remains constant. It is evident that a 
dose of lOg/1 is sufficient to remove 55 - 75 % Cr (VI) in 1-12 hours. The increase in 
the removal efficiency with simultaneous increase in adsorbent dose and contact time is 
due to the increase in surface area and hence more active sites are available for the 
adsorption of Cr (VI). Similar results were reported by (Bansal and Sharma, 1992; Kim 
and Joltech, 1977; Singh, et al., 1992; Ayub, et al., 2001,2002) for the removal of 
chromium compounds by adsorption. 
pH=1.5 
Initial con.=50mg/l 
Temperature = 30°C 
-4— 1hr 
- » - 5 h r 
-A-12hr 
- i i -24hr 
20 40 60 80 
Adsorbent dose (g/l) 
Fig. 6.1 Effect of Adsorbent Dose and Contact Time on 
Adsorption 
(b) Effect of pH on Adsorption 
Influence of pH on fraction adsorbed was studied by varying the pH of the test 
solution by adding H2SO4 or NaOH solution of known strength is shows in Figure 6.2 
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The pH of the wastewater primarily affects the degree of ionization of the adsorbate and 
surface properties of adsorbent. This subsequently leads to a shift in reaction kinetics 
and equilibrium characteristics of adsorption process. The adsorption of various anionic 
and cationic species on such adsorbents has been explained on the basis of the 
competitive adsorption of H" or OH" ions along with adsorbate molecules. In case of 
adsorbents having metallic oxides, it is the common observation that the surface adsorbs 
anions favorably in low pH range due the presence of KT ions (Gebehard and Coleman, 
1974) whereas, the surface is active for the adsorption of cations at higher pH values 
due to the accumulation of OH" ions (Huang and Stunm, 1973). The results show the 
maximum removal efficiency (85%) is observed at pH 1.5 while on increasing the pH 
value it decreases. About 32 % removal efficiency is recorded at pH 7. Sharma, et al., 
(1993) reported that sorption of chromium was highly pH dependent and the best results 
were obtained in the pH range 1.5 - 3.0. Huang, et aJ., (1975) found 100% chromium 
removal at pH 2.0 when the concentration was less than 5.2 mg/1 as chromium. 
0.9 
0.8 • 
•g 0.7-
1 ^ 0 . 5 -
0 .4 , 
.2 o 
t; = 0.3 
I 0.2 
0.1 ^  
0 
Contact time = 24hrs 
Initial Con.= 50 mg/l 
Adsorbent dose = 10g/l 
Temperature = 30°C 
"T— 
2 ^ pH 6 10 
Fig. 6.2 Effect of pH on Adsorption 
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(c) Effect of Initial Cr (VI) Concentration on Adsorption 
The effect of initial Cr (VI) concentration on fraction adsorbed (Figure 6.3) were 
studied over the wide range of chromium concentration (5-100 mg/1). It may be 
observed that the chromium uptake is rapid during the initial period of adsorption and 
the maximum removal (100 - 90%) is achieved at 5-20 mg/1 concentration. The removal 
efficiency of chromium decreases when chromium concentration is increased. However 
the removal efficiency is recorded as 84.3 % at a concentration of 50 mg/1. This is in 
agreement with the observations made by earlier workers (Bansal and Sharma, 1982; 
Haribabu, et al., 1993a,b; Grover, et al., 1982; Gupta, et al., 1992; Khanna and Malhotra 
1977; Kumar, 1987; Kumar, et al., 1987; Mall, 1992; McKay, et al., 1991; Singh and 
Mishra, 1990; Singh, et al., 1994; Chand, et al., 1994). The adsorbate concentration and 
contact time between the adsorbate and adsorbent are of great significant in the 
treatment of wastewaters by adsorption. A rapid uptake of pollutants and establishment 
of equilibrium in a short period of time signifies the efficiency of the adsorbent. The 
initial solute concentration also plays a vital role in making a first guess of the required 
dose, as a given mass of the adsorbent can adsorb only a fixed amount of solute. 
Therefore, the more concentrated the solution, the smaller is the volume of solution or 
effluent that a mass of adsorbent can purify. The fractional adsorption is low in the 
high concentration range (McKay, 1982). The time required to reach equilibrium is 
longer for more porous adsorbents like activated carbon and polymeric materials and 
shorter in the case of relatively less porous or non-porous adsorbents such as brick kiln 
ash, china clay, fly ash, china clay, fly ash and wollastonite, etc. This happens as the 
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porous materials have higher surface area compared to the hard surfaces and the 
adsorbate ions have to diffuse through the pores before they could come in contact with 
the active sites. 
In the physical adsorption most of the adsorbate species are adsorbed on the 
solid-solution interface within a short period of time (Stumm and Bilinski, 1972). 
However, strong chemical bonding of adsorbate with adsorbent requires a longer 
contact time for the attainment of equilibrium. A review of the available literature on 
adsorption at the solid-solution interface reveals that the uptake of adsorbate species is 
fast during the initial stage of contact and becomes slower near the equilibrium. This is 
obvious from the fact that a large number of surface active sites are available for 
adsorption during the initial stages and after a lapse of time, the remaining surface sites 
are difficult to be occupied because of the repulsion between the solute molecules at the 
solid surface and those in the bulk of the liquid. It is also likely that the mass transfer 
through the pores become the controlling factor in the process. 
Initial concentration is found to have no significant effect on the equilibrium 
time for the adsorbents used. Similar observations were reported by earlier workers 
also for the adsorption of chromium, dyes, phenols etc. on activated carbon, china clay, 
fly ash, rice husk ash, saw dust, brick kiln ash, paddy straw, wollastonite, etc. (Gupta, et 
al., 1992; Kumar, 1987; Kumar, et al., 1987; Pandey, et al., 1985; Sharma, et al., 1991). 
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In an aqueous system, the water molecules surrounding these oxides play an 
important role in the adsorption of chromium. The electrical charges and potential due 
to the electro-chemical properties of the two phases at the solid-solution interface 
become equal. This results in the formation of an electrical double layer which is 
greatly influenced by the physico-chemical properties of the bulk phase (Mall, 1992; 
Waldsax and Jaycock, 1971). During the adsorption process, aqua-complexes of the 
metal ions are formed which are amphoteric in character and may either exchange 
protons from water molecules or may donate protons to hydroxyl ions in following 
manner. 
+ H+ 6.1 
M " ^ ( o h ) „ ( O H 2 ) ^ + H + -> (OH2), /m+l 6.2 
Co-ordination number of the metal ions is assumed to remain constant in the 
above equilibria. During the process of contacting aqueous solutions of chromium with 
the oxides of metals and non-metals present in adsorbents, the formation of oxide-water 
interface takes place and H^ and OH" ions become the constituent parts of this interface 
and there exists a state of thermodynamic reversibility (with respect to these ions) at the 
surface of adsorbent. The H"^  and OH' ions are then the potential determining ions for 
mineral oxides (Fuerstenu, 1970) with respect to the resulting hydroxylated oxide 
surfaces in contact with aqueous solutions. The progress of adsorption is governed by 
the kinetics of surface hydroxylation and subsequent acid-base dissociation of aqua-
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complexes of the oxides, yielding there by, an oxide-solution interface in the following 
manner (Ahmed, 1972; Gupta, etal., 1990; Mall, 1992; Panday, 1984). 
OH- M ^ Z H^ M^OH 6.3 
It can be seen from the above equilibria that the negatively charged ion density 
lies on the oxygen site of the surface, where as the positively charged ion density lies on 
the metal site of the oxide surface (Ahmed, 1972; Gupta, et al., 1990; Mall, 1992; 
Panday, 1984; Levine and Smith, 1971) also suggested a similar mechanism using a 
double layer model for adsorption of anions at the oxide-solution interface. The above 
mechanism explains satisfactorily the variation in adsorption with contact time between 
adsorbent and adsorbate on the basis of the surface reaction of adsorbate species with 
interface, which ultimately reaches the equilibrium condition. 
Wright and Hunter, (1973) used a double layer approach and proposed another 
mechanism for explaining the adsorption of ions at the hydroxide-solution interface. 
According to them the following equilibria exist at the surface and in the bulk of the 
solution which seem to be more appropriate in explaining the surface reaction involved 
in such oxide-solution systems. 
MOH, MOHj, 6.4 
MOHb + H+ o Mb + H2O (in the bulk) 6.5 
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MOHs + H^ M^ + HjO^ (on the surface) 6.6 
Where MOH stands for any multivalent metal hydroxide. 
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Fig. 6.3 EfFect of Initial Cr (VI) Concentration on Adsorption 
(d) Effect of Contact Time and Particle Size on Adsorption 
The adsorbent particle size has significant influence on the adsorption time and 
kinetics of adsorption. The effect of particle size gives important information on 
achieving optimum utilization of adsorbent and on the nature of breakthrough curves for 
designing packed bed adsorbers. Three particle sizes 75 micron, 150 micron and 300 
micron sieve (Indian standard Sieves) under optimal conditions of adsorbent dose, pH 
and contact time with an initial adsorbate concentration of 50 mg/l were studied. Figure 
6.4 show fraction adsorbed versus contact time indicating that the fraction removed 
decreases with an increase in adsorbent particle size. This may be explained on the basis 
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of the active surface area available for the adsorption, which is greater for small particle 
sizes (Foots and Healy, 1976). Finer adsorption material offers a significantly lesser 
mass transfer diffusion resistance in the micro pores. 
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Fig. 6.4 Effect of Contact Time and Particle Size on Adsorption 
(e) Effect of Contact Time and Temperature on Adsorption 
The effect of temperature upon the adsorption rate was investigated at 30®C, 
40''C and SOV. The results are shown in Figure 6.5. It is observed that the mass of the 
chromium adsorbed per unit mass of adsorbent increases with increasing temperature. 
This shows that the adsorption process is endothermic in nature. Several earlier 
investigators (Khare, et al., 1987; Knocke and Hemphill, 1981; Panday, 1984; Fanday, 
et al., 1985, 1986; Singh, et al., 1988) have reported increase in uptake of adsorbate 
with increase in temperature. The effect of temperature on the rate of adsorption is used 
for determining of the energy of activation. The dependency of specific rate constant 
1 0 1 
Kad on temperature for the over all removal process follows the Arrhenious equation as 
given below. 
K. \ j / 6.7 
InK. InA -
RT 
6.8 
where A, is the frequency factor. It is nearly independent of temperature and represents 
for the available adsorption sites. The value of A and E can be calculated from the plot 
of In Kad versus 1/T. This will be discussed for the present systems in the section (h) 
Kinetics of Adsorption. (Rai, 1995). 
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Fig, 6.5 Effect of Contact Time and Temperature on Adsorption 
(f) Adsorption Isotherms 
Experimental evaluation of isotherm constants is done to determine the 
feasibility of an adsorbing system. Batch experiments were performed to obtained data. 
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Such data were obtained for both laboratory and actual wastewater and were analyzed 
using the Freundlich and Langmuir models (De Castro et al., 2001; Ahmad and Ram, 
1992; Haribabu, 1993; Mall, 1992; Sharma, et al., 1990). 
Langmuir isotherm can be represented by the following mathematical relationship. 
x / abCe 
7m = — 6.9 
1 + aCe 
x / b abCe 
/ m 
where x = amount of material adsorbed (mg) 
m = weight of the adsorbent (mg) 
C = concentration of material remaining in solution after adsorption is 
complete (mg/1) 
a & b = empirical constants 
a linear plot is obtained when the quantity 1/ (x/m) is plotted against 1/C. The constants 
a and b can be determined from the slope and mtercept of the plot (Figure 6.6). The 
essential features of the Langmuir isotherm can be expressed in terms of dimensionless 
separation factor Rj. 
R = , ^ , 6.11 
' (l + bCi) 
where Ci is the initial concentration and b is the Langmuir constant, separation factor 
Ri indicates the isotherm shape and its values are given in Table 6.1. 
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If Ri > 1 the nature of adsorption is unfavorable 
Ri = 1 the nature of adsorption is linear 
0 < R| > 1 the nature of adsorption is favorable 
Ri = 0 the nature of adsorption is irreversible 
• 30''C 
• 40^0 
aSO^C 
0.05 0.1 0.15 0.2 0.25 
1/Ce (l/mg) 
Fig. 6.6 Langmuir Adsorption Isotherm 
Freundlich adsorption isotherm model is expressed as, 
qe = 
/ \ 
X 
= K(Ccf 6.12 
The above equation is also referred as Van - Bemmelen equation. Fitting into the 
logarithmic form (Mahesh, et a l , 1999) 
log 
log 
vmy 
( C i - C e ) 
Ci 
= logK + — logCe 
n 
= logK + — logCe 
n 
6.13 
6.14 
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where, x/m is the amount of Cr (VI) adsorbed per unit mass of adsorbent (mg/mg) and 
Ce is the equilibrium concentration of aqueous solution. K is a constant, which is 
measure of adsorption capacity, and 1/n is a measure of adsorption intensity (Figure 
6.7). Langmuir and Freundlich adsorption isotherm constants. Coefficient of correlation 
Cc, Separation factor Ri and recommended isotherms are shown in Table 6.1. 
Log Ce (mg/l) 
Fig. 6.7 Freundlich adsorption Isotherm 
• 30C 
• 40C 
• 50C 
1.6 
Table 6.1 Values of Langmuir and Freundlich Isotherms Constants 
Tempe 
rature 
Langmuir 
Constants 
Freundlich Constants Recommended 
Isotherms 
a b Cc Ri K 1/n Cc 
30" C 1900.9 0.0220 0.917 0.476 0.0010 0.555 0.920 0.00 lOCe"'"' 
40" C 1580.6 0.0244 0.954 0.450 0.0011 0.591 0.962 0.001 ICe"'"" 
50" C 1273.0 0.0315 0.924 0.388 0.0011 0.638 0.954 0.001 ICe""'" 
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(g) Thermodynamic Parameters 
The adsorption at a interface between two phases can be regarded as an 
equilibrium process. The point of equilibrium can be defined in terms of 
thermodynamic parameters like free energy, enthalpy and entropy changes. Several 
researchers (Gupta, et al., 1992; Panday, et al., 1985; Sharma, et al., 1991) have 
determined these parameters. The positive entropy change for adsorption as observed in 
some cases may be attributed to an increase in the translational entropy caused by 
randomness of the displaced water molecules from the surface of the adsorbent (Wright 
and Pratt, 1974). The negative values of free energy change for a system indicates 
spontaneity of adsorption process. Adsorption at a solid solution interface generally 
shows an increase in entropy. This indicates, a faster interaction during the forward 
adsorption. Association, fixation or immobilizations of adsorbate on the interface 
between two phases result in loss of the degree of freedom there by, showing a negative 
entropy effect. 
The apparent heat change (AH) is related to Langmuir constant b, and should 
follow the Van't Hoff equation 
Inb = lnb„ - — 6.15 
RT 
Where bo is a constant. If the AH is positive b should increase with increasing 
temperature and if the adsorption is exothermic (AH negative) b should decrease with 
increasing temperature 
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The enthalpy changes of sorption as calculated from the slope of In b Vs 1/T 
(Figure 6.8) is found 14.23 Kj/mole. The positive AH values confirm the endothermic 
nature of the sorption process and suggest the possibility of strong binding between 
sorbate and sorbent. 
The change in free energy (AG) and (AS) are calculated using the following 
relationships. 
AG= - R T I n I 
AS = 
AH-AG 
T 
6.16 
6.17 
Where T is the temperature in Kelvin and R = 8.31 j/k.mol. The negative value of AG 
indicates the process to be feasible and spontaneous (Singh, et al., 1982; Haribabu, et 
al., 1993) and positive values of entropy reflected the affinity of the adsorbent material. 
The values of AG and AS at different temperature are given in Table 6.2. 
Table 6.2 Thermodynamic Parameters at Different Temperatures. 
Temperature (°K) -AG, Kj/mole AS, j/mole 
303 9.614 78.693 
313 9.662 76.332 
323 9.670 74.00 
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(h) Kinetics of Adsorption 
The kinetic modeling for the removal of chromium (VI) by coconut shell has 
been studied out using the following first order rate expression i.e. Lagergren equation 
l o g ( q e - q ) = log(qe)- K ad / ^2.303 6.18 
Where qe and q are the amount adsorbed at equilibrium and any time t respectively. 
The straight line plot of log (qe-q) versus t for the adsorption shows the validity of 
lagergren equation and suggest the first order kinetics (Figure 6.9). (Gupta, et al., 2001; 
Khare, et a l , 1987; Knocke and Hemphill., 1981; Mckay, et al ., 1980; Haribabu, et 
al., 1993). 
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Kinetics of adsorption is the important physico-chemical aspect for the 
evaluation of parameters describing the adsorption process. It signifies adsorbate uptake 
rate, and is one of the important characteristics defining efficiency of adsorption. The 
rate of adsorption also governs the residence time in the adsorption vessel. The rate 
constant Kad was evaluated using the above equation and is found 0.2194. The value of 
E as evaluated from the calculated value of Kad using equation 6.8 and was found 
1.55 kj /mole. 
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Fig. 6.9 Lagergren plot 
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(i) Interparticle Diffusion Rate 
Plot of amount adsorbed per unit mass of adsorbent versus square root of time is 
shown in Figure 6.10. For unsteady state adsorption a Picks equation could be used to 
model on adsorption process and the quantity adsorbed on the solid surface will be 
proportional to the square root of the time (Bird, et al., I960). It is evident from this plot 
lOQ 
that there are two distinct hnear sections, the initial steep linear portion and the final 
relatively flat linear part. The initial linear part indicates that the interparticle diffusion, 
the latter, less steeper linear, part suggested that adsorption is being controlled by the 
micro pores. The transport of adsorbate from solution phase to the surface of adsorbent 
particles is controlled either by film (or surface) diffusion, pore diffusion, pore surface 
diffusion and adsorption on pore wall or by the combined effect of more than one of 
these factors (Crank, 1956; Keinath, 1977; Weber, 1972). The film or surface diffusion 
is an important rate controlling step and is a function of particle size, hydrodynamic 
conditions, system physical properties, etc. in a well mixed adsorber. The adsorbate 
species are transported from the bulk to the interior sites of the adsorbent particles and 
the interparticle transport (within macro and micro-pores) is often the rate limiting step 
(Huang and Blankenship, 1984; Foots, et al., 1978; Webber and Morris, 1963 a, b, 
1964). A functional relationship common to most treatments of interparticle transport is 
that uptake varies almost linearly with the square root of time, rather than time it self 
Initial Cone. = 50mg/l 
Adsorbent dose = 10g/l 
pH= 1.5 
Temperature = 30°C 
10 15 20 25 30 35 40 
I Contact time (min) 
Fig. 6.10 Interparticle Diffusion Plot 
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6.1.2 Column Study 
The breakthrough curve plotted in Figure 6.11. A flow rate of 1.0 1/d having 
metal concentration of 50mg/l (pH-1.5) was maintained. The column was run till the 
coconut shell in the adsorption column got exhausted and the treated effluent was 
analyzed at different time intervals. Column capacities were found greater than the 
batch capacities due to continuously large concentration at the interface of the sorption 
zone as the sorbate solution passes through the column while the concentration gradient 
decreases with time in a batch process (Mall and Upadhyay 1995). Saravanane, et al., 
(2002) used rice husk / saw dust in continuous flow studies. A flow rate of 15 ml / mint, 
with constant inlet head of 40 cm was maintained, equilibrium was reached within 60 -
180 minutes. The breakthrough behavior of Cr (VI), Fe (III) and Hg (II) was studied by 
Singh, et al., (2001) by passing 400 mg/1 solution of each metal ion (pH ~ 6) through a 
glass column (internal diameter 1.25 cm) loaded with 2.0 g active carbon. The flow rate 
was maintained ~ 2 ml / min. 
6.1.3 Desorption and Hydrolysis Tests 
Desorption test was conducted for coconut shell after their use in the equilibrium 
adsorption studies. About 10 g of saturated adsorbent was placed in a 300 ml capacity 
stoppered BOD bottle with double distilled water and was shaken over a shaker at room 
temperature for over two hours. After this the adsorbent was filtered and the suspension 
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was analyzed for the chromium content. No chromium was detected in the water. Thus 
it indicates that adsorbed chromium was not being desorbed. 
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Fig. 6.11 Breakthrough Curve 
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6.2.0 NEEM BARK (AZADIRICHTA INDICA) 
6.2.1 Batch Study Parameters 
(a) Effect of Adsorbent dose and Contact time on Adsorption 
The response of adsorbent dose and contact time on the removal of Cr (VI) is 
shown in Figure 6.12. Increase in the adsorption occurs with corresponding increase in 
the dose of Neem bark and contact time up to certain point, beyond which the fraction 
adsorbed remains constant. It is evident that a dose of lOg/1 is sufficient to remove 53.3 
- 80.0% Cr (VI) in 1 hours-12 hours. The increase in the removal efficiency with 
simultaneous increase in adsorbent dose and contact time is due to the increase in 
surface area and hence more active sites are available for the adsorption of Cr (VI). 
pH=3 
Initial Cone. = 50mg/l 
Temperature = 30°C 
1 1 
10 15 
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Fig. 6.12 Effect of Adsorbent Dose and Contact Time on 
Adsorption 
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(b) Effect of pH on Adsorption 
Effect of pH on adsorption is shown in Figure 6.13. The results show the 
maximum removal is observed at pH 3 and on increasing the pH value it decreases. 
About 75% removal efficiency is recorded at neutral pH 7. The reason for the better 
adsorption capacity observed at low pH values may be attributed to the large number of 
H^ ions present at these pH values, which in term neutralize the negatively charged 
hydroxy! group (-0H) on adsorbed surface thereby reducing hindrance to the diffusion 
of dichromate ions. At higher pH, the reduction in adsorption may be possible due to 
abundance of OH" ions causing increased hindrance to diffusion of positively charged 
dichromate ions. It is the common observation that the surface adsorbs anions 
favorably in low pH range due the presence of H^ ions (Gebehard and Coleman, 1974) 
where as, the surface is active for the adsorption of cations at higher pH values due to 
the accumulation of OH" ions (Huang and stunm, 1973). 
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Fig. 6.13 Effect of pH on Adsorption 
10 
114 
(C) Effect of Initial Cr (VI) concentration on Adsorption 
The effects of initial Cr (VI) concentrations on fraction adsorbed (Figure 6.14) 
were studied over the wide range of chromium concentration (5-100 mg/1). It may be 
observed that the chromium uptake is rapid during the initial period of adsorption and 
the maximum removal (100 - 93%) is achieved at 5-20 mg/1 concentration. The 
removal efficiency of chromium decreases when chromium concentration is increases. 
However the removal efficiency is recorded as 80.4 % at a concentration of 50 mg/1. In 
a similar study (Chand, et al., 1994) obtained 90% removal efficiency at a Cr (VI) 
concentration of 10 mg/1 in a dose of 1.0 g/100 ml at a contact time of 1.5 hr when the 
pH of the solution was 2.0. 
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Fig. 6.14 Effect of Initial Cr (VI) Concentration on Adsorption 
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(d) Effect of Contact Time and Particle size on Adsorption 
The adsorbent particle size has significant effect on the adsorption time and 
kinetics of adsorption. The influence of particle size furnishes important information 
for achieving optimum utilization of adsorbent and on the nature of breakthrough 
curves for designing packed bed adsorbers. Three particle sizes 75 micron, 150 micron 
and 300 micron sieve (Indian standard Sieves) under optimal conditions of adsorbent 
dose, pH and contact time with an initial adsorbate concentration of 50 mg/1 were 
studied. A plot of fraction adsorbed against contact time shown in Figure 6.15 indicates 
that, with an increase in adsorbent particle size, adsorption decreases. This may be 
explained on the basis of the surface area available for the adsorption, which is greater 
for small particle sizes (Foots and Healy, 1976). Similar behavior was found for the 
coconut shell. 
•D <D .Q „ 
o o « 
"O 0) « o 
.2 
o n 
1 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0 
- A A 
—H • 
—w 
^ / / Initial. Cone. = 50mg/l 
U j Ad. Dose = 10g/l — A -
-300 urn. 
-150um. 
-75um. 
If pH = 3 
V Temperature = 30°C 
5 10 15 
Contact Time (hr) 
Fig. 6.15 Effect of Contact Time and Particle Size on 
Adsorption 
20 
116 
(e) Effect of Contact Time and Temperature on Adsorption 
The effect of temperature upon the adsorption rate was investigated at SO^C. 
40''C and 50®C. The results are shown in Figure 6.16. It is observed that the mass of 
the chromium adsorbed per unit mass of adsorbent increases with the increasing 
temperature. This indicates the endothermic nature of the adsorption process. Several 
earlier investigators (Khare, et al., 1987; Knocke and Hemphill, 1981; Panday, 1984; 
Panday, et al., 1985, 1986; Singh, et al., 1988) also have reported increase in uptake of 
adsorbate with increase in temperature. 
(f) Adsorption Isotherms 
Similar to section 6.1.1 (f) R| was determined by plotting 1/qe and 1/ 
Ce. The curve for Langmuir and Freundlich adsorption isotherm is shown in Figure 
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6.17 & 6.18) and is found linear. The value of Langmuir isotherms and Freundlich 
isotherms, Coefficient of correlation Cc, Separation factor R| and recommended 
isotherms were determined and shown in Table 6.3. 
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Fig. 6.17 Langmuir Adsorption Isotherm 
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Fig. 6.18 Freundlich Adsorption Isotherm 
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Table 6.3 Values of Langmuir and Freundlich Isotherms 
Constants 
Tempe 
rature 
Langmuir Constants Freundlich Constants Recommended 
Isotherms 
a b Cc Ri K 1/n Cc 
30" C 2363.3 0.0160 0.909 0.555 .0011 0.530 0.992 0.001 ICe" ' '" 
40" C 2213.8 0.0115 0.949 0.634 .0010 0.631 0.987 0.001 OCe"^-'' 
50" C 2085.7 0.0063 0.985 0.760 .0008 0.776 0.998 0.0008Ce""' 
(g) Kinetics of Adsorption 
The kinetic modeling for the removal of chromium (VI) by Neem bark has been 
carried out similar to section 6.1.1 (g). The straight-line plots of log (qe-q) verses t for 
the adsorption show the validity of lagergren equation and suggest the first order 
kinetics (Figure 6.19). The rate constant Kad is 0.3086. The value of E is evaluated 
from the calculated value of Kad using equation 6.8 and found 1.55 kj / mole. 
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(h) Thermodynamic Parameters 
The enthalpy change of sorption as calculated from the slope of In b verses 1/T 
(Figure 6.20) is found to be 19.574 Kj/mole. The positive AH values confirm the 
endothermic nature of the sorption process and suggest the possibility of strong binding 
between sorbate and sorbent. The negative values of AG indicate the process to be 
feasible and spontaneous (Singh, et al., 1982) and positive values of entropy suggested 
that randomness prevails at solid - solution interface due to adsorption of chromium on 
neem bark. The values of AG and AS at different temperature are listed in Table 6.4. 
Table 6.4 Thermodynamic Parameters at Different Temperatures. 
Temperature, ("K) -AG, Kj/mole AS, j/mole 
303 10.417 98.980 
313 11.620 99.661 
323 13.607 100.272 
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(i) Interparticle Diffusion rate 
Plot of amount adsorbed per unit mass of adsorbent versus square root of time 
is shown in Figure 6.21. For unsteady state adsorption a Ficks equation could be used 
to model on adsorption process and the quantity adsorbed on the solid surface will be 
proportional to the square root of the time (Bird, et al., 1960). It is seen from this plot 
that there are three distinct linear sections, the initial steep linear portion (ki) and the 
final relatively flat linear parts (ki & K3). The initial linear part indicates that the 
interparticle diffusion, the later, less steeper linear, part suggested that adsorption is 
being controlled by the diffusion through its micro pores. The film or surface diffusion 
is an important rate controlling step and is a function of particle size, hydrodynamic 
conditions, physical properties, etc. in a well mixed adsorber. The adsorbate species are 
transported from the exterior to interior sites of the adsorbent particles and interparticle 
transport (within macro and micro-pores) is often the rate limiting step (Huang, et al., 
1984; Weber and Morris, 1963 a, b, 1964). 
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6.2.2 Column Study 
The breakthrough curve plotted in Figure 6.22. A flow rate of 1.0 1/d having 
metal concentration of 50mg/l (pH-3) was maintained. The column was run till the 
neem bark in the adsorption column gets exhausted and the treated effluents were 
analyzed at different time intervals. Column capacities were found greater than the 
batch capacities due to continuously large concentration at the interface of the sorption 
zone as the sorbate solution passes through the column while the concentration 
gradient decreases with time in a batch process ( Srivastava, et al 1998). 
6.2.3 Desorption and Hydrolysis Test 
Desorption test was conducted for neem bark after their use in the equilibrium 
adsorption studies. About 10 g of saturated adsorbent was placed in a 300 ml capacity 
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stoppered BOD bottle with distilled water and was shaken at room temperature for over 
two hours. After this the adsorbent was filtered and the suspension was analyzed for 
the chromium content. No chromium was detected in the water. Thus it indicates that 
adsorbed chromium was not being desorbed. 
Intial Cone. = 50 mg/l 
pH = 3 
2 4 6 
Time (hrs) 
Fig. 6.22 Breakthrough Curve 
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6.3.0 Sugar cane Bagasse 
6.3.1 Batch Study Parameters 
(a) Effect of Adsorbent dose and Contact time on Adsorption 
The response of adsorbent dose and contact time on the removal of Cr (VI) is 
shown in Figure 6.23. Increase in the fractional adsorption occurs with corresponding 
increase in the dose of bagasse and contact time up to certain level, beyond which the 
fraction adsorbed remains constant. It is evident that a dose of lOg/1 is sufficient to 
remove 65-90 % Cr (VI) in 0.5 -2.5 hours. The increase in the removal efficiency with 
simultaneous increase in adsorbent dose and contact time is due to the increase surface 
area and hence more active sites are available for the adsorption of Cr (VI). 
Initial con.= 50mg/l 
pH = 1.5 
Temperature = 30°C 
-»-0 .5hr 
- • - I . O h r 
- ^ 2 . 5 h r 
0 5 10 15 20 25 
Adsorbent dose, (g/l) 
Fig. 6.23 Effect of Adsorbent Dose and Contact Time on 
Adsorption 
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(b) Effect of pH on Adsorption 
Effect of pH on adsorption is shown in Figure 6.24. The resuhs show the 
maximum removal is observed at pH 1.5 and on increasing the pH value it decreases. 
Approximately 4 percent removal is recorded at neutral pH 7. The reason for the better 
adsorption capacity observed at low pH values may be attributed to the large number of 
H^ ions present at these pH values, which in term neutralize the negatively charged 
hydroxyl group (-0H) on adsorbed surface thereby reducing hindrance to the diffusion 
of dichromate ions. At higher pH, the reduction in adsorption may be possible due to 
abundance of OH" ions causing increased hindrance to diffusion of positively charged 
dichromate ions. It is the common observation that the surface adsorbs anions 
favorably in low pH range due the presence of H^ ions (Gebehard and Coleman, 1974) 
whereas, the surface is active for the adsorption of cations at higher pH values due to 
the accumulation of OH" ions (Huang and stunm, 1973). 
pH 
Fig. 6.24 Effect of pH on Adsorption 
10 
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(C) Effect of Initial Cr (VI) concentration on Adsorption 
The effects of initial Cr (VI) concentrations on fraction adsorbed (Figure 6.25) 
were studied over the wide range of chromium concentration (5-100 mg/1). It may be 
observed that the chromium uptake is rapid dviring the initial period of adsorption and 
the maximum removal (100- 96 %) is achieved at 5-20 mg/1 concentration. The 
removal efficiency of chromium decreases when chromium concentration is increased. 
However the removal efficiency is recorded as 90.7 % at a concentration of 50 mg/1. In 
a similar study (Chand, et al., 1994) obtained 90% removal efficiency at a Cr (VI) 
concentrafion of 10 mg/1 in a dose of 1.0 g/100 ml at a contact time of 1.5 hr when the 
pH of the solution was 2.0. In a significant deviation Irom the Neem and Coconut 
adsorption, a relatively higher adsorption is achieved even at higher concentration. 
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S tJ w •D aJ-
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it 
0.5 
Contact time = 2.5 hrs \ 
Temperature = 30°C V 
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Fig. 6.25 Effect of Initial Cr(VI) Concentration on Adsorption 
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(d) Effect of Contact Time and Particles size on Adsorption 
The adsorbent particle size has significant effect on the adsorption time and 
kinetics of adsorption. The influence of particle size furnishes important information 
for achieving optimum utilization of adsorbent and on the nature of breakthrough 
curves for designing packed bed adsorbers. Three particle sizes 75 micron, 150 micron 
and 300 micron sieve (Indian standard Sieves) under optimal conditions of adsorbent 
dose, pH and contact time with an initial adsorbate concentration of 50 mg/1 were 
studied. A plot of fraction adsorbed against contact time shown in Figure 6.26 indicates 
that, with increase in adsorbent particle size, adsorption decreases. This may be 
explained on the basis of the surface area available for the adsorption, which is greater 
for small particle sizes (Foots and Healy, 1976). Similar behaviors were found for the 
coconut shell and neem bark. 
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(e) Effect of Contact Time and Temperature on Adsorption 
The effect of temperature upon the adsorption rate was investigated at 30*^0, 
40''C and SO '^C. The results are shown in Figure 6.27. It is observed that the mass of 
the chromium adsorbed per unit mass of adsorbent decreases with the increasing 
temperature. This indicates towards the exothermic nature of the adsorption process. 
Several earlier investigators (Cloutier, et a l , 1985; Gupta, et al., 1991,1992; Johson, et 
al., 1965; Mekey, et al., 1980; Panday, et al., 1984; Sharma, et al., 1990 a, b, 1991) also 
have reported decrease in uptake of adsorbate with increase in temperature. However, it 
was observed that the chromium adsorbed per unit mass of the adsorbent increases with 
the increasing temperature in the cases of coconut shell and Neem bark. 
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Fig. 6.27 Effect of Contact Time and Temperature on 
Adsorption 
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(f) Adsorption Isotherms 
Similar to section 6.1.1 (f) R| was determined by plotting 1/qe and 1/ Ce. The 
curve of Langmuir and Freundlich adsorption isotherms (Figure 6.28 & 6.29) are found 
linear respectively. The value of Langmuir isotherms and Freundlich isotherms. 
Coefficient of correlation Cc, Separation factor R| and recommended isotherms were 
determined and are shown in Table 6.5. 
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(g) Kinetics of Adsorption 
The kinetic modeling for the removal of chromium (VI) by sugar cane bagasse 
has been carried out similar to coconut shell and neem bark. The straight-line plots of 
log (qe-q) verses t for the adsorption show the validity of lagergren equation and 
suggest the first order kinetics (Figure 6.30). The rate constant Kad is 0.365. The value 
of E is evaluated from the calculated value of Kad using equation 6.8 and found 1.156 
kj / mole. 
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Fig. 6.30 Lagergren Plot 
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(h) Thermodynamic Parameters 
The enthalpy change of sorption as calculated from the slope of In b 
verses 1/T (Figure 6.31) is found to be -6.22 KjVmole. The negative AH values 
confirm the exothermic nature of the sorption process. The negative values of AG 
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indicate the process to be feasible and spontaneous (Singh, et al., 1982) and negative 
values of entropy reflected the affinity of the adsorbent material. The values oiAG and 
AS at different temperature are listed in Table 6.6. The negative values of free energy 
change for a system indicates spontaneity of adsorption process. Adsorption at a solid 
solution interface generally shows an increase in entropy. This indicates, a faster 
interaction during the forward adsorption. Association, fixation or immobilizations of 
adsorbate on the interface between two phases result in loss of the degree of freedom 
there by, showing a negative entropy effect. The negative values of entropy have been 
reported earlier in the case of the adsorption process. Cr (VI) on flyash - wallastonite 
(Panday, et al., 1984). Cr (VI) on blast furnace flue dust and COD (chemical oxygen 
demand) on fly ash (Baisakh, et al., 1996). Adsorption on coal char (Baisakh, et al., 
2002). 
Table 6.6 Thermodynamic Parameters at Different Temperatures. 
Temperature, ("K) -AG, Kj/mole - AS, j/mole 
303 3.15 10.132 
313 3.55 8.530 
323 3.78 7.529 
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(i) Interparticle Diffusion Rate 
For unsteady state adsorption a Picks equation could be used to model on 
adsorption process and the quantity adsorbed on the solid surface will be proportional 
to the square root of the time (Bird, et al., 1960). The transport of adsorbate from 
solution phase to the surface of adsorbent particle is controlled either by film diffusion, 
pore diffusion, pore surface diffusion and adsorption on the pore wall or by the 
combined effects of more then one of these factors (Crank, 1956; Keinath, 1977; 
Weber, 1972). Plot of amount adsorbed per unit mass of adsorbent versus square root 
of time is shown in Pigure 6.32. It is seen from this plot that there are three distinct 
linear sections, the initial steep linear portion (kj) and the final relatively flat linear 
parts (k2 & k3. The initial linear part indicates that the interparticle diffusion, the latter, 
less steeper linear, parts suggested that adsorption is being controlled by the micro 
pores. 
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6.3.2 Column Study 
The breakthrough curve plotted in Figure 6.33. A flow rate of 1.0 1/d having 
metal concentration of 50mg/l (pH-1.5) was maintained. The column was run till the 
bagasse in the adsorption column gets exhausted and the treated effluent was analyzed 
at different time intervals. Colurrm capacities were found greater than the batch 
capacities due to continuously large concentration at the interface of the sorption zone 
as the sorbate solution passes through the column while the concentration gradient 
decreases with time in a batch process ( Srivastava et al 1998). 
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6.3.3 Desorption and Hydrolysis Test 
Desorption test was conducted for bagasse after their use in the equilibrium 
adsorption studies. About 10 g of saturated adsorbent was placed in a 300 ml capacity 
stoppered BOD bottle with distilled water and was shaken by shaker at room 
temperature for over two hours. After this the adsorbent was filtered and the suspension 
was analyzed for the chromium content. No chromium was detected in the water. Thus it 
indicates that adsorbed chromium was not being desorbed. 
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6.4 Scanning Electron Microscopy 
Electron microscopy, in principle, is similar to the optical microscope except for 
the enhancement of the resolution power enabling electron microscopy to examine the 
minor details of the objects. Electron microscopy can be classified into two groups; 
transmission electron microscopy (TEM) and scanning electron microscopy (SEM). In 
transmission electron microscopy, properly prepared samples are replicas are placed in 
the electron beam. Electrons pass through the surface and are collected on screen. In the 
case of scanning electron microscopy, a beam of electrons is bombarded on a specially 
prepared sample surface. The electrons emitted from this sample are arbitrarily divided 
into secondary electros, back scattered electrons, or x-ray photons and collected in the 
detector. Later, these signals are amplified and displayed on the screen. TEM has a 
lower resolution limit of less than 5 A (magnification up to 300,000) compared to 250 A 
for scanning microscopy. 
Electron Microscope is form of a microscope that uses a beam of electrons 
instead of a beam of light (as in the optical microscope) to form a large image of a very 
small object. In optical microscopes the resolution is limited by the wavelength of the 
light. High-energy electrons, however, can be associated with a considerably shorter 
wavelength than light; for example, electrons accelerated to an energy of 10^ electron 
volts have a wavelength of 0.04 nanometer enabling a resolution of 0.2 - 0.5 nm to be 
achieved. The transmission electron microscope has an electron beam, sharply focused 
by electron lenses, passing through a very thin metallized specimen (less than 50 
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nanometers thick) onto a fluorescent screen, where a visual image is formed. This 
image can be photographed. The scanning electron microscope can be used with thicker 
specimens and forms a perspective images, although the resolution and magnification 
are lower. In this type of instrument a beam of primary electrons scans the specimen 
and those that are reflected, together with any secondary electrons emitted, are 
collected. This current is used to modulate a separate electron beam in a TV monitor, 
which scans the screen at the same frequency, consequently building up a picture of the 
specimen. The resolution is limited to about 10-20 nm. 
In the present investigation, scanning electron microscopy (SEM) was used to 
study surface characteristics of the adsorbents before and after adsorption. The scanning 
electron microscopy of all the adsorbents was conducted in All India Institute of 
Medical Sciences (AIMS) central facility laboratory, New Delhi (India). Figures 6.34 -
6.39 show typical photographs for Coconut shell, Neem bark and Sugar cane bagasse 
before and after adsorption. From these figures, it is evident that the structure of the 
above adsorbents has high percentage of pores before the adsorption, which would be 
suitable for adsorption of chromium ions. A large surface area is also evident from these 
photographs, which ultimately enhance the adsorptive capacity. From the SEM 
photographs it is also evident that the honeycombing type porous structure found in the 
adsorbent surface is collapses to some extent. This may be due to the fact that adsorbent 
being a natural biological material changes its characteristics. 
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Figure 6.34 Scanning Electron Microscopy of the adsorbent (Coconut Shell) 
before Adsorption 
Figure 6.35 Scanning Electron Microscopy of the adsorbent (Coconut Shell) after 
Adsorption 
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Figure 6.36 Scanning Electron Microscopy of the adsorbent (Neem Bark) before 
Adsorption 
Figure 6.35 Scanning Electron Microscopy of the adsorbent (Coconut Shell) after 
Adsorption 
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Figure 6.38 Seaming Electron Microscopy cf the adsorbent (Raw Bagasse) 
before Adsorption 
Figure 6.35 Scanning Electron Microscopy of the adsorbent (Coconut Shell) after 
Adsorption 
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6.5 Comparison of Coconut Shell, Neem Bark and Sugar cane 
Bagasse Adsorbents 
The investigations reveal that agricultural waste adsorbents surfaces (Coconut 
shell, Neem bark & Sugar cane bagasse) can be used as effective adsorbents for the 
removal of hexavalent chromium from electroplating and metal finishing wastewaters. 
Sorption of chromium is highly pH dependent as shown in Figure 6.40 and the best 
results were obtained in the pH range 1.5-3.0. The reason for the better adsorption 
capacity observed at low pH values may be attributed to the large number of H^ ions 
present at these pH values, which in term neutralize the negatively charged hydroxyl 
group (-0H) on adsorbed surface thereby reducing hindrance to the diffusion of 
dichromate ions. At higher pH, the reduction in adsorption may be possible due to 
abundance of OH' ions causing increased hindrance to diffusion of positively charged 
dichromate ions. It is the common observation that the surface adsorbs anions 
favorably in low pH range due the presence of H^ ions (Gebehard and Coleman, 1974) 
whereas, the surface is active for the adsorption of cations at higher pH values due to 
the accumulation of OH' ions (Huang and stunm, 1973). Similar observations were 
recorded during the studies conducted on dihydric phenol removal on activated carbon 
by Mahesh, et al (1999) and Sharma, et al., (1993) used sphagnum moss peat for the 
removal of chromium. 
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Fig. 6.40 Effect of pH on Adsorption 
It is has been observed that the percentage removal increases with increasing 
adsorbent dose. 10 g/1 dose of sugar cane bagasse is sufficient to adsorb more than 90 
% Cr (VI) having 50 mg/l initial concentration within 1.0 hour. On further increasing 
the adsorbent dose to 16 g/1 a 100 % removal efficiency were observed as shown in 
Fig. 6.41. Similarly 10 g/1 adsorbent dose of neem bark adsorbs more than 80% at pH 
3.0 and coconut shell 85% at pH 1.5 respectively. Similar results were reported by 
(Ayub, et al 2001, 2002; Rao, et al., 2002; Bansal and Sharma, 1992; Kim and Joltech, 
1977; Singh, et al., 1992; Mall, 1992). 
At the initial stage, Cr (VI) removal is very fast and the later stage of Cr (VI) 
removal is much slower. The extent of removal depends on the metal concentration, 
adsorbent dose, contact time, particle size and pH. Several investigators have reported 
that appreciable reduction in percent adsorption with increase in metal ion 
concentration ( Mckay, et al., 1991; Panday, 1984; Kumar, 1987) . Sugar cane bagasse 
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is found to be superior to neem bark and coconut shell, as shown in Fig. 6.42 with 
respect to the removal efficiency of the above metal in 10 g/1 adsorbent dose and 
having 50 mg/1 initial concentration of the solution. The removal efficiency ranges 
from 80% - 90%. 
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For all the adsorbents, the Langmuir and Freundlich adsorption isotherms were 
plotted and the isotherms are given in the Table 6.7. It is observed that best fit straight 
line having correlation coefficient (Cc) value of 0.917 & 0.920 for coconut shell, 0.909 
& 0.992 for Neem bark and 0.973 & 0.947 for bagasse. Hence it can be stated that the 
adsorption isotherm is represented more closely by Freundlich adsorption isotherm for 
coconut shell and neem bark, while Langmuir adsorption isotherm for Bagasse. 
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Fig. 6.42 Effect of Initial Cr (VI) concentartion on Adsorption 
The change in apparent enthalpy4H), free energy (AG) and entropy (AS) of 
sorption were calculated using thermodynamic equations and values at 30 '^ C are listed 
in Table 6.8. The positive^H values confirm the endothermic nature of the sorption 
process and suggested the possibility of strong binding between sorbate and sorbent for 
coconut shell and Neem bark. While negativeAH values confirm exothermic nature of 
adsorbent. Negative values ofAG indicate the process to be feasible and sp ontaneous. 
The negative values of free energy change for a system indicates spontaneity of 
adsorption process. Adsorption at a solid solution interface generally shows an increase 
in entropy. This indicates, a faster interaction during the forward adsorption. 
Association, fixation or immobilizations of adsorbate on the interface between two 
phases result in loss of the degree of freedom there by, showing a negative entropy 
effect. The positive entropy in case of Coconut shell and Neem bark may be attributed 
to an increase in translational entropy caused by the randomness of displaced water 
molecules from the surface of the adsorbent (Wright and Pratt, 1974). The negative 
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values of entropy have been reported earlier in the case of the adsorption process. Cr 
(VI) on fly ash - wallastonite (Panday, et al., 1984). Cr (VI) on blast furnace flue dust 
and COD (chemical oxygen demand) on fly ash (Baisakh, et al., 1996). Adsorption on 
coal char (Baisakh, et al.. 2002). 
Table 6.8 Thermodynamic Parameters at 30® C 
Adsorbent AH - AG AS 
Kj/mole Kj/mole j/mole 
Coconut shell 14.23 9.614 78.693 
Neem bark 19.574 10.417 98.980 
Bagasse -6.22 3.150 -10.132 
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CHAPTER SEVEN 
7.0 Conclusion and Recommendations 
The following conclusions could be drawn on the basis of the present study 
1. The investigations show that agricultural waste adsorbents (Coconut shell. 
Neem bark & Sugar cane bagasse) can be used as effective adsorbents for the 
removal of hexavalent chromium from electroplating and metal finishing 
wastewaters. It is concluded that adsorption behavior is dependent upon the 
nature of adsorbent and all the agro-based materials would not behavior 
identical. 
2. It is seen that the percentage removal increases with increasing adsorbent dose. 
10 g/1 dose of sugar cane bagasse is sufficient to adsorb more than 90 % Cr (VI) 
having 50 mg/1 initial concentrafion within 1.0 hour at pH 1.5. On further 
increasing the adsorbent dose to 16 g/1, 100 % removal efficiency were 
observed. Similarly 10 g/1 adsorbent dose of neem bark adsorbs more than 80% 
at pH 3.0 and coconut shell 85% at pH 1.5 respectively. 
3. The chromium uptake capacity of all the adsorbents investigated is found 
highly pH dependent and the best resuhs were obtained in the pH range 1.5-3.0. 
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4. The initial stage of Cr (VI) removal is found very fast and the later stage of Cr 
(VI) removal is much slower up to saturation limit. Percentage removal of 
chromium increases with decrease in metal concentration. The extant of 
removal depends on the metal concentration, adsorbent dose, contact time, 
particle size and pH. Sugar cane bagasse is found to be superior to neem bark 
and coconut shell with respect to the removal efficiency. The removal 
efficiency ranges from 80% - 90% for all the adsorbents investigated. 
5. Chromium adsorption follows first order rate equation for all the adsorbents 
studied. 
6. The isotherm data obtained is more closely to Freundlich adsorption isotherm 
for coconut shell and neem bark. Sugar cane bagasse follows Langmuir 
adsorption isotherm. 
7. The positive AH values confirm the endothermic nature of the sorption process 
and suggested the possibility of strong binding between sorbate and sorbent for 
coconut shell and Neem bark. While negative AH values confirm exothermic 
nature of adsorbent. Negative values of AG indicate the process to be feasible 
and spontaneous. Positive values of AS reflect the affinity of the adsorbent 
material. 
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8. Plot of amount adsorbed per unit mass of adsorbent versus square root of time 
shows the initial linear part interparticle diffusion, latter, less steeper linear, part 
suggested that adsorption is being controlled by the micro pores. 
9. Desorption / leaching test was conducted for all the adsorbents after their use in 
the equilibrium adsorption studies. No chromium was detected in the water. Thus 
it indicates that adsorbed chromium was not being desorbed. 
10. The agro-waste adsorbents studied do not hydrolysis and BOD of leachete does 
not change. It means that the adsorbents are stable materials under the process 
conditions. 
11. The exhaustive capacity of the sorbent is higher in case of column process than 
the batch process. This is due to continuously large concentration at the interface 
of the sorption zone as sorbate passes through the column. 
12. The agricultural waste adsorbents may be found superior than activated carbon. 
Since they are relatively cheaper and locally available. Waste disposal is easier in 
case of rural appropriate technology is evolved. These adsorbents require only 
alkali / acid treatment to increase their efficiency. 
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13. Regeneration studies are not necessary with the view that the cost of the 
adsorbents is very low and it can be disposed off safely or burned after drying. 
Although safe disposal of adsorbent need to be discussed and investigated. 
14. It is proposed that pilot plant studies should be conducted in order to scale-up the 
process and determine the realistic cost benefit analysis. The utilization of agro-
waste materials for the removal of chromium could be very beneficial in the 
development of rural friendly appropriate technologies. It could reduce the 
probability of heavy metal contamination in water supply in the rural areas. 
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Appendix A 
Data for Coconut Shell 
(a) Effect of Adsorbent dose and Contact time on Fraction 
adsorbed 
Contact time 1 hr 
Adsorbent Coconut shell 
Initial chromium conc.(Ci) 50mg/l 
pH 1.5 
Size of adsorbent 150 micron 
Temperature 30° C 
Adsorbent 
-dose (g) 
Cone, of Cr(VI) after 
adsorption ,mg/l 
(Ci) 
Cone. Of Cr(VI) 
Adsorbed, mg/l 
(Ci-Ce) 
Friction 
adsorbed 
[(Ci-Ce)/Ci] 
2.0 41.5 8.5 0.17 
6.0 32.5 17.5 0.35 
10 24.35 26.6 0.55 
20 16 34 0.68 
30 14 36 0.72 
40 12.5 37.5 0.75 
50 11.5 38.5 0.77 
60 10.10 39.9 0.79 
Contact time 5.0 hr 
Adsorbent Coconut shell 
Initial chromium conc.(Ci) 50mg/l 
pH 1.5 
Size of adsorbent 150 micron 
Temperature 30 V 
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Adsorbent Cone, of Cr(VI) after Cone. OfCr(VI) Friction 
dose(g) adsorption ,mg/l Adsorbed, mg/l adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
2.0 37.5 12.5 0.25 
6.0 29.5 20.5 0.41 
10 16 34 0.68 
20 12.5 37.5 0.75 
30 10 40 0.80 
40 9.5 40.5 0.81 
50 6.6 43.4 0.87 
60 5.8 44.2 0.88 
Contact time 12 hr 
Adsorbent Coconut shell 
Initial chromium conc.(Ci) 50mg/i 
pH 1.5 
Size of adsorbent 150 micron 
Temperature 30° C 
Adsorbent Cone. ofCr(VI) after Cone. OfCr(VI) Friction 
dose(g) adsorption ,nig/l Adsorbed, mg/l adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
2.0 36 14 0.28 
6.0 21 29 0.58 
10 12.5 37.5 0.75 
20 9.5 40.5 0.81 
30 5.0 45.0 0.907 
40 2.6 47.4 0.948 
50 1.75 48.25 0.965 
60 1.75 48.25 0.965 
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Contact time 24 hr 
Adsorbent Coconut shell 
Initial chromium conc.(Ci) 50mg/l 
pH 1.5 
Size of adsorbent 150 micron 
Temperature 30° C 
Adsorbent Cone, of Cr(VI) after Cone. Of Cr(VI) Friction 
dose (g) adsorption ,mg/I Adsorbed, mg/1 adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
2.0 32.0 18.0 0.36 
6.0 19.0 31.0 0.62 
10 7.95 42.05 0.841 
20 2.50 47.50 0.95 
30 0.55 49.45 0.989 
40 0.30 49.70 0.994 
50 0 50.0 1.00 
60 0 50.0 1.00 
Influence of pH on fraction adsorbed 
Adsorbent 
Adsorbent dose 
Contact time 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 30*^  C 
Size of adsorbent 150 micron 
Coconut shell 
lO.Og/l 
24 hr 
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pH of the Cone. Of Cr(VI) after Cone. Of Cr(VI) Frietion 
solution adsorption ,nig/l Adsorbed, mg/l adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
7.5 42.5 0.85 
2.2 16.0 34.0 0.76 
3 24.0 26.0 0.52 
6 31.5 18.5 0.37 
7 34.0 16.0 0.32 
9.2 35.0 15.0 0.3 
10 35.0 15.0 0.3 
Effect of Initial Cr (VI) Concentration on Fraction adsorbed 
Adsorbent 
Contact time 
Adsorbent dose 
Temperature 
Size of adsorbent 
pH 
Coconut shell 
24 hr 
10.0 g/i 
30° C 
150 micron 
1.5 
Initial Cr(VI) Cone, of Cr(VI) after Cone. Of Cr(VI) Friction 
cone, before Adsorption, mg/l Adsorbed, mg/l adsorbed 
adsorption, (mg/l) (Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
5 0 5.0 1.0 
10 0.5 9.5 0.95 
20 2.1 17.9 0.90 
30 3.2 26.8 0.89 
40 4.8 35.2 0.88 
50 9.5 40.5 0.81 
60 17.4 42.5 0.72 
70 24.0 46.0 0.65 
80 32.0 48.0 0.60 
90 42.0 48.0 0.53 
100 50.0 50.0 0.50 
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Effect of Contact time and Particle size on Fraction adsorbed 
Size of adsorbent 300 micron 
Adsorbent dose 10.0 g/1 
Adsorbent Coconut shell 
Initial Cr Conc.(Ci) 50nig/l 
Temperature 
pH 1.5 
30° C 
Contact Cone, of Cr(VI) after Cone. OfCr(VI) Friction 
time (hr) Adsorption, mg/l Adsorbed, mg/l adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
0.5 37.5 12.50 0.25 
1.0 32.95 17.05 0.34 
5.0 22.9 27.1 0.542 
9.0 19.0 31.0 0.62 
12.0 16.75 33.25 0.66 
24.0 13.79 36.2 0.724 
Size of adsorbent 150 micron 
Adsorbent dose 10.0 g/1 
Adsorbent Coconut shell 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 
pH 1.5 
30° C 
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Contact Cone. ofCr(VI) after Cone. Of Cr(VI) Frietion 
time (hr) Adsorption, mg/l Adsorbed, mg/l adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
0.5 33.31 16.69 0.333 
1.0 28.95 21.05 0.421 
5.0 23.25 26.75 0.535 
9.0 14.95 35.05 0.701 
12.0 10.74 39.26 0.785 
24.0 7.15 42.85 0.857 
Size of adsorbent 75 micron 
Adsorbent dose 10.0 g/1 
Adsorbent Coconut shell 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 
pH 1.5 
30° C 
Contact Cone, of Cr(VI) after Cone. Of Cr(VI) Friction 
time (hr) Adsorption, mg/l Adsorbed, mg/l adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
0.5 28.85 21.15 0.423 
1.0 24.0 26.0 0.52 
5.0 14.45 35.55 0.711 
9.0 7.90 42.10 0.842 
12.0 6.65 43.35 0.867 
24.0 5.55 44.45 0.889 
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Effect of Contact time and Temperature on Fraction adsorbed 
Temperature 30"C 
Adsorbent dose 10.0 g/l 
Adsorbent Coconut shell 
Initial Cr Conc.(Ci) 50mg/l 
Size of adsorbent 150 micron 
pH 1.5 
Contact Cone. Of Cr(VI) Amount of Amount Friction 
time (hr) after solute adsorbed adsorbed 
Adsorption, mg/l adsorbed mg Qe = x/m (mg/g) [(Ci-Ce)/Ci] 
(Ce) (X) 
0.5 33.31 16.69 1.669 33.38 
2.0 30.80 19.19 1.91 38.40 
3.0 28.2 21.81 2.18 43.60 
5.0 23.45 26.55 2.65 53.10 
9.0 15.38 34.62 3.46 69.24 
12.0 10.74 39.26 3.92 78.52 
15.0 8.12 41.88 4.18 83.76 
24.0 7.121 42.87 4.28 85.75 
Temperature 40" C 
Adsorbent dose 10.0 g/l 
Adsorbent Coconut shell 
Initial Cr Conc.(Ci) 50mg/l 
Size of adsorbent 150 micron 
pH 1.5 
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Contact Cone. Of Cr(VI) Amount of Amount Friction 
time (hr) after solute adsorbed adsorbed 
Adsorption, mg/1 adsorbed mg Qe = x/m (mg/g) [(Ci-Ce)/Ci] 
(Ce) (X) 
0.5 28.46 21.54 2.154 43.08 
2.0 26.16 23.84 2.38 47.68 
3.0 23.98 26.02 2.60 52.04 
5.0 19.04 30.96 3.09 61.92 
9.0 11.90 38.10 3.81 76.20 
12.0 8.14 41.86 4.18 83.72 
15.0 6.10 43.90 4.39 87.80 
24.0 5.88 44.12 4.41 88.24 
Temperature 50° C 
Adsorbent dose 10.0 g/l 
Adsorbent Coconut shell 
Initial Cr Conc.(Ci) 50mg/l 
Size of adsorbent 150 micron 
pH 1.5 
Contact Cone. Of Cr(VI) Amount of Amount Friction 
time (hr) after solute adsorbed adsorbed 
Adsorption, mg/1 adsorbed mg Qe = x/m (mg/g) [(Ci-Ce)/Ci] 
(Ce) (X) 
0.5 24.18 25.82 2.58 51.64 
2.0 21.54 28.46 2.84 56.92 
3.0 19.48 30.52 3.05 61.04 
5.0 14.96 35.04 3.50 70.08 
9.0 8.10 41.90 4.19 83.80 
12.0 5.11 44.89 4.48 89.78 
15.0 4.12 45.88 4.58 91.76 
24.0 3.89 46.11 4.61 92.22 
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Freundlich Adsorption Isotherms 
Temperature 30" C 
Weight of Cone. Of Cr(VI) Amount of Amount Log Ce Log qe 
the after solute adsorbed 
adsorbent, Adsorption, mg/I adsorbed ,mg qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 33.31 16.69 8.34x10- ' 1.522 -2.078 
6000 19.321 30.679 5.113x10" ' 1.286 -2.495 
10000 7.121 42.879 4.287x10" ' 0.852 -2.367 
20000 5.00 45.0 2.25x10" ' 0.698 -2.70 
Temperature 40" C 
Weight of Cone. Of Cr(VI) Amount of Amount Log Ce Log qe 
the after solute adsorbed 
adsorbent. Adsorption, mg/1 adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 31.957 18.043 9.02x10" ' 1.504 -2.088 
6000 10.230 39.77 6.627x10" ' 1.009 -2.179 
10000 8.84 41.16 4.11 xlO" ^ 0.946 -2.40 
20000 4.952 45.048 2.24x10" ' 0.694 -2.649 
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Temperature 50" C 
Weight of Cone. Of Cr(VI) Amount of Amount Log Ce Log qe 
the after solute adsorbed 
adsorbent, Adsorption, mg/l adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 31.640 18.36 9.175x10- ' 1.500 -2.017 
6000 9.645 40.335 6.725x10" ^ 0.984 -2.172 
10000 4.651 45.349 4.53x10" ' 0.667 -2.343 
20000 3.33 46.67 2.33 xlO" ' 0.522 -2.632 
Langmuir Adsorption Isotherms 
Temperature 30" C 
Weight of 
the 
adsorbent, 
mg (m) 
Cone. OfCr(VI) 
after 
Adsorption, mg/l 
(Ce) 
Amount of 
solute 
adsorbed ,mg 
(X) 
Amount 
adsorbed 
Qe = x/m 
(mg/mg) 
1 
x / 
/ m 
1 
Ce 
2000 33.31 16.69 8.34x10" ' 119.90 0.030 
6000 19.321 30.679 5.113x10" ' 195.69 
4 
0.0517 
10000 7.121 42.879 4.287x10" ' 233.26 
3 
0.140 
20000 5.00 45.0 2.25x10" ' 444.45 0.200 
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Temperature 50" C 
Weight of Cone. Of Cr(Vl) Amount of Amount 1 1 
the after solute adsorbed / m Ce 
adsorbent, Adsorption, mg/l adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 31.957 18.043 9.02x10" ' 110.85 0.031 
6000 10.230 39.77 6.627x10" 150.89 0.097 
10000 8.84 41.16 4.11 xlO" ' 243 0.113 
20000 4.952 45.048 2.24x10" ' 355 0.195 
Temperature 50 C 
Weight of Cone, of Cr(Vl) Amount of Amount 1 1 
the after solute adsorbed x / / m Ce 
adsorbent, Adsorption, mg/l adsorbed ,mg qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 31.640 18.36 9.175x10" ' 108.98 0.031 
6000 9.645 40.335 6.725 x10" ' 132.84 0.103 
10000 4.651 45.349 4.53x10" ' 198.53 0.201 
20000 3.33 46.67 2.33x10" ' 297 0.300 
Kinetics of Adsorption 
Adsorbent dose 10.0 g/l 
Adsorbent Coconut shell 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 30° C 
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Contact Cone, of Cr(VI) Amount of Amount Log (ge - q) 
time (hr) after solute adsorbed 
Adsorption, mg/l adsorbed qe = x/m (mg/g) 
(Ce) X(mg) 
0.5 33.31 16.69 1.669 0.416 
2.0 30.80 19.19 1.91 0.373 
3.0 28.2 21.81 2.18 0.322 
5.0 23.45 26.55 2.65 0.210 
9.0 15.38 34.62 3.46 -0.0872 
12.0 10.74 39.26 3.92 -0.4509 
15.0 8.12 41.88 4.18 -1.036 
24.0 7.121 42.87 4.28 -
Thermodynamic Parameters 
Temperature Langmuir Log b 1 
in Kelvin constant T 
303 0.0220 -1.657 3.3 0x10 ' 
313 0.0244 -1.612 3.19x10 ' 
323 0.0315 -1.501 3.09x10 ' 
Inter particle diffusion 
Adsorbent dose 10.0 g/1 
Adsorbent Coconut shell 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 30° C 
Size of adsorbent 150 micron 
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Contact Cone, of Cr(VI) Amount of Amount vT 
time after solute adsorbed (mint) 
(mint) Adsorption, mg/1 adsorbed Qe = xJm (mg/g) 
(Ce) X(mg) 
30 33.31 16.69 1.669 5.42 
120 30.80 19.19 1.91 10.95 
180 28.2 21.81 2.18 13.41 
300 23.45 26.55 2.65 17.32 
540 15.38 34.62 3.46 23.23 
600 10.74 39.26 3.92 24.49 
900 8.12 41.88 4.18 30.00 
1440 7.121 42.87 4.28 37.94 
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Appendix B 
Data for Neem Bark 
Effect of Adsorbent dose and Contact time on Fraction adsorbed 
Contact time 1 hr 
Adsorbent Neem Bark 
Initial chromium conc.(Ci) 50mg/l 
pH 3 
Size of adsorbent 150 micron 
Temperature 30" C 
Adsorbent Cone, of Cr(VI) after Cone. Of Cr(VI) Friction 
dose (g) adsorption ,nig/l Adsorbed, mg/1 adsorbed 
(Ci) (Ci-Ce) [(Ci-Ce)/Ci] 
2 43.8 6.20 0.124 
4 37.6 12.4 0.248 
6 32.0 18.0 0.360 
8 27.6 22.4 0.448 
10 23.45 26.55 0.531 
12 21.05 28.95 0.579 
14 18.6 31.4 0.628 
16 16.9 33.1 0.662 
18 15.5 34.5 0.69 
20 14.5 35.5 0.71 
Contact time 6.0 hr 
Adsorbent Neem Bark 
Initial chromium conc.(Ci) 50mg/l 
pH 3 
Size of adsorbent 150 micron 
Temperature 30° C 
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Adsorbent Cone, of Cr(VI) after Cone. Of Cr(VI) Frietion 
dose(g) adsorption ,nig/l Adsorbed, mg/1 adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
2 39.95 10.05 0.201 
4 31.9 18.10 0.363 
6 25.45 24.55 0.491 
8 21.05 28.95 0.579 
10 17.25 32.75 0.655 
12 13.95 36.05 0.721 
14 12.40 37.60 0.752 
16 11.05 38.95 0.779 
18 10.7 39.30 0.786 
20 10.7 39.30 0.786 
Contact time 12 hr 
Adsorbent Neem Bark 
Initial chromium conc.(Ci) 50mg/l 
pH 3 
Size of adsorbent 150 micron 
Temperature 30" C 
Adsorbent Cone, of Cr(VI) after Cone. OfCr(VI) Friction 
dose(g) adsorption ,nig/l Adsorbed, mg/l adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
2 34.25 15.75 0.315 
4 24.85 25.15 0.503 
6 17.95 32.05 0.641 
8 13.10 36.9 0.738 
10 9.95 40.05 0.801 
12 9.05 40.95 0.819 
14 8.45 41.55 0.813 
16 7.90 42.10 0.842 
18 7.20 42.8 0.856 
20 7.20 42.8 0.856 
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Influence of pH on fraction adsorbed 
Adsorbent Neem Bark 
Adsorbent dose lO.Og/1 
Contact time 24 hr 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 30" C 
Size of adsorbent 150 micron 
pH of the Cone, of Cr(VI) after Cone. Of Cr(VI) Friction 
solution adsorption ,mg/l Adsorbed, mg/l adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
1 32.90 17.10 0.342 
2 22.0 28.0 0.56 
3 9.75 40.25 0.806 
4 10.75 39.25 0.785 
7 12.45 37.55 0.751 
9 17.10 32.9 0.658 
Effect of Initial Cr (VI) Concentration on Fraction adsorbed 
Adsorbent 
Contact time 
Adsorbent dose 
Temperature 
Size of adsorbent 
pH 
Neem Baric 
12 hr 
iO.Og/i 
30° C 
150 micron 
3 
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Initial Cr(VI) Conc. OfCr(VI) after Conc. Of Cr(VI) Friction 
conc. before Adsorption, mg/l Adsorbed, mg/l adsorbed 
adsorption, (mg/l) (Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
5 0.0 50.0 1.0 
10 0.9 49.1 0.982 
20 3.45 46.55 0.931 
30 5.45 44.55 0.891 
40 6.85 43.15 0.863 
50 9.80 40.20 0.804 
60 13.6 36.4 0.728 
70 17.15 32.85 0.657 
80 20.40 29.6 0.592 
100 25.10 24.90 0.498 
Effect of Contact time and Particle size on Fraction adsorbed 
Size of adsorbent 300 micron 
Adsorbent dose 10.0 g/1 
Adsorbent Neem Bark 
Initial CrConc.(Ci) 50mg/l 
Temperature 30° C 
pH 3 
Contact Conc. of Cr(VI) after Conc. Of Cr(VI) Friction 
time (hr) Adsorption, mg/l Adsorbed, mg/l adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
1 37.95 12.05 0.241 
3 20.40 29.6 0.592 
6 15.45 34.55 0.691 
12 13.90 36.10 0.722 
18 12.40 37.60 0.752 
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Size of adsorbent 150 micron 
Adsorbent dose 10.0 g/1 
Adsorbent Neem Bark 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 
pH 3 
30° C 
Contact Cone. ofCr(VI) after Cone. Of Cr(VI) Friction 
time (hr) Adsorption, mg/1 Adsorbed, mg/l adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
1 34.4 15.6 0.312 
3 17.15 32.8 .657 
6 10.8 39.2 0.784 
12 9.45 40.55 0.811 
18 8.75 41.25 0.825 
Size of adsorbent 75 micron 
Adsorbent dose 10.0 g/1 
Adsorbent Neem Bark 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 
pH 3 
30° C 
Contact Cone. ofCr(VI) after Cone. Of Cr(VI) Friction 
time (hr) Adsorption, mg/1 Adsorbed, mg/J adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
1 27.2 22.8 0.456 
3 13.1 36.9 0.738 
6 7.15 42.85 0.857 
12 4.65 45.35 0.907 
18 4.25 45.75 0.915 
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Effect of Contact time and Temperature on Fraction adsorbed 
Temperature 30" C 
Adsorbent dose 10.0 g/l 
Adsorbent Neem Bark 
Initial CrConc.(Ci) 50mg/l 
Size of adsorbent 150 micron 
pH 3 
Contact Cone, of Cr(VI) Amount of Amount Friction 
time (hr) after solute adsorbed adsorbed 
Adsorption, mg/I adsorbed mg Qe = x/m (mg/g) [(Ci-Ce)/Ci] 
(Ce) (X) 
I 34.4 15.6 1.56 0.312 
3 17.15 32.8 3.285 0.657 
6 10.8 39.2 3.92 0.784 
12 9.45 40.55 4.055 0.811 
18 8.75 41.25 4.125 0.825 
Temperature 40"'C 
Adsorbent dose 10.0 g/l 
Adsorbent Neem Bark 
Initial Cr Conc.(Ci) 50mg/l 
Size of adsorbent 150 micron 
pH 3 
Contact Cone, of Cr(VI) Amount of Amount Friction 
time (hr) after solute adsorbed adsorbed 
Adsorption, mg/I adsorbed mg Qe = x/m (mg/g) [(Ci-Ce)/Ci] 
(Ce) (X) 
1 28.6 21.4 2.14 0.428 
3 II.8 38.2 3.82 0.765 
6 7.86 42.14 4.214 0.843 
12 6.70 43.30 4.330 0.866 
18 6.66 43.34 4.334 0.867 
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Temperature 50" C 
Adsorbent dose 10.0 g/1 
Adsorbent Neem Bark 
Initial Cr Conc.(Ci) 50mg/l 
Size of adsorbent 150 micron 
pH 3 
Contact Cone, of Cr(VI) Amount of Amount Friction 
time (hr) after solute adsorbed adsorbed 
Adsorption, mg/1 adsorbed mg Qe = x/m (mg/g) [(Ci-Ce)/Ci] 
(Ce) (X) 
1 23.38 26.62 2.662 0.5324 
3 9.765 40.235 4.023 0.8047 
6 6.66 43.34 4.334 0.8668 
12 4.93 45.07 4.507 0.9014 
18 4.92 45.08 4.508 0.9016 
Freundlich Adsorption Isotherms 
Temperature 30" C 
Weight of Cone. OfCr(VI) Amount of Amount Log Ce Log qe 
the after solute adsorbed 
adsorbent, Adsorption, mg/1 adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 34.25 15.75 7.875 x10" ' 1.534 -2.103 
4000 24.85 25.15 6.287x10" ' 1.395 -2.201 
6000 17.95 32.05 5.341 xlO" ' 1.254 -2.27 
8000 13.10 36.90 4.612x10" ' 1.117 -2.33 
10000 9.95 40.05 4.005 x10" ' 0.997 -2.397 
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Temperature 50" C 
Weight of Cone. Of Cr(Vl) Amount of Amount Log Ce Log qe 
the after solute adsorbed 
adsorbent, Adsorption, mg/l adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 30.544 19.456 9.728x10" ' 1.484 -2.011 
4000 20.824 29.176 7.294x10" ' 1.318 -2.137 
6000 11.888 38.112 6.352x10" ' 1.075 -2.197 
8000 7.92 42.08 5.26x10" ' 0.898 -2.279 
10000 7.121 42.879 4.288x10" ' 0.852 -2.367 
Temperature 50" C 
Weight of Cone. Of Cr(VI) Amount of Amount Log Ce Log qe 
the after solute adsorbed 
adsorbent, Adsorption, mg/l adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 25.732 24.268 12.31 xlO" ' 1.410 -1.91 
4000 12.496 37.504 9.376x10" ' 1.096 -2.027 
6000 4.70 45.300 7.55x10" ' 0.672 -2.12 
8000 3.44 46.56 5.82x10" ' 0.536 -2.35 
10000 3.402 46.598 4.669x10" ' 0.531 -2.331 
Langmuir Adsorption Isotherms 
Temperature 30" C 
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Weight of Cone, of Cr(VI) Amount of Amount 1 1 
the after solute adsorbed x / / m Ce 
adsorbent, Adsorption, mg/l adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 34.25 15.75 7.875 x10" ' 127.06 0.0291 
4000 24.85 25.15 6.287x10" ' 159.23 0.0402 
6000 17.95 32.05 5.341 xlO" ' 187.26 0.0557 
8000 13.10 36.90 4.612x10" ' 216.91 0.0762 
10000 9.95 40.05 4.005 x10" ' 250.0 0.1005 
Temperature 40" C 
Weight of Cone, of Cr(VI) Amount of Amount 1 1 
the after solute adsorbed / m Ce 
adsorbent, Adsorption, mg/l adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 30.544 19.456 9.728x10" ' 102.88 0.0327 
4000 20.824 29.176 7.294x10" ^ 137.17 0.0480 
6000 11.888 38.112 6.352x10" ' 157.48 0.841 
8000 7.92 42.08 5.26x10" ' 190.11 0.1262 
10000 7.121 42.879 4.288x10"' 233.64 0.1404 
Temoerature 50" C 
Weight of Cone, of Cr(VI) Amount of Amount 1 1 
the after solute adsorbed / m Ce 
adsorbent, Adsorption, mg/l adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 25.732 24.268 12.31 xlO" ' 82.64 0.0388 
4000 12.496 37.504 9.376x10" ' 106.72 0.0800 
6000 4.70 45.300 7.55x10" ' 132.45 0.2127 
8000 3.44 46.56 5.82x10" ' 171.82 0.2906 
10000 3.402 46.598 4.669x10" ' 215.05 0.2939 
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Kinetics of Adsorption 
Adsorbent dose 10.0 g/1 
Adsorbent Neem Bark 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 30° C 
Contact Cone, of Cr(VI) Amount of Amount Log (ge - q) 
time (hr) after solute adsorbed 
Adsorption, mg/I adsorbed Qe = x/m (mg/g) 
(Ce) X(mg) 
1 34.4 15.6 1.56 0.409 
3 17.15 32.8 3.285 -0.0731 
6 10.8 39.2 3.920 -0.688 
12 9.45 40.55 4.055 -1.124 
18 8.75 41.25 4.125 -
Thermodynamic Parameters 
Temperature Langmuir Logb 1 
in Kelvin constant T 
303 0.0160 -1.795 3.3 0x10 ' 
313 0.0195 -1.7099 3.19x10 ' 
323 0.0263 -1.580 3.09x10 ' 
Inter particle diffusion 
Adsorbent dose 10.0 g/1 
Adsorbent Neem Baric 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 30° C 
Size of adsorbent 150 micron 
188 
Contact Cone, of Cr(VI) Amount of Amount 
time after solute adsorbed (mint) 
(mint) Adsorption, mg/1 adsorbed qe = x/m (mg/g) 
(Ce) X(mg) 
60 34.4 15.6 1.56 7.745 
180 17.15 32.8 3.285 13.416 
360 10.8 39.2 3.92 18.973 
720 9.45 40.55 4.055 26.832 
1080 8.75 41.25 4.125 32.863 
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Appendix C 
Data for Sugar Cane Bagasse 
Effect of Adsorbent dose and Contact time on Fraction adsorbed 
Contact time 1/2 hr 
Adsorbent 
Initial chromium conc.(Ci) 
pH 
Size of adsorbent 
Temperature 
Raw bagasse 
50mg/l 
1.5 
150 micron 
30° C 
Adsorbent Cone, of Cr(VI) after Cone, of Cr(VI) Friction 
dose(g) adsorption ,mg/l Adsorbed, mg/1 adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
2.0 41.7 8.3 0.166 
4.0 35.5 14.5 0.290 
6.0 27.6 22.4 0.448 
8.0 22.0 28.0 0.560 
10.0 17.6 32.5 0.648 
12.0 13.8 36.2 0.724 
14.0 10.35 39.5 0.793 
16.0 9.0 41.0 0.820 
18.0 7.5 42.5 0.850 
20.0 7.6 42.4 0.848 
Contact time 1.0 hr 
Adsorbent Raw bagasse 
Initial chromium conc.(Ci) 50mg/l 
pH 1.5 
Size of adsorbent 150 micron 
Temperature 30° 
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Adsorbent 
dose(g) 
Cone, of Cr(VI) after 
adsorption ,mg/l 
(Ce) 
Cone, of Cr(VI) 
Adsorbed, mg/1 
(Ci-Ce) 
Friction 
adsorbed 
f(Ci-Ce)/CiJ 
2.0 38.0 12.0 0.240 
4.0 30.0 20.0 0.400 
6.0 21.7 28.3 0.566 
8.0 16.5 33.5 0.670 
10.0 11.4 38.6 0.773 
12.0 7.60 42.4 0.848 
14.0 5.15 44.85 0.897 
16.0 4.0 46.0 0.920 
18.0 4.0 46.0 0.920 
20.0 4.0 46.0 0.920 
Contact time 2.5 hr 
Adsorbent Raw bagasse 
Initial chromium conc.(Ci) 50mg/l 
pH 1.5 
Size of adsorbent 150 micron 
Temperature 30" C 
Adsorbent 
dose (g) 
Cone, of Cr(VI) after 
adsorption ,nig/l 
(Ce) 
Cone, of Cr(VI) 
Adsorbed, mg/1 
(Ci-Ce) 
Friction 
adsorbed 
f(Ci-Ce)/Cil 
2.0 32.5 17.5 0.350 
4.0 23.1 26.9 0.538 
6.0 15.2 34.8 0.698 
8.0 8.5 41.5 0.830 
10.0 4.75 42.25 0.905 
12.0 2.20 47.7 0.950 
14.0 0.35 49.6 0.99 
16.0 0.0 50 1.0 
18.0 0.0 50 1.0 
20.0 0.0 50 1.0 
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Influence of pH on fraction adsorbed 
Adsorbent Raw bagasse 
Adsorbent dose 10.Og/1 
Contact time 2.5 hr 
Initial Cr Conc.(Ci) SOmg/l 
Temperature 30" C 
pHofthe 
solution 
Cone, of Cr(VI) after 
adsorption ,mg/I 
(Ce) 
Cone, of Cr(VI) 
Adsorbed, mg/I 
(Ci-Ce) 
Frietion 
adsorbed 
[(Ci-Ce)/Cil 
1.1 0 50 1.0 
1.5 4.75 45.25 0.905 
2 15.95 34.05 0.68 
2.5 31.3 18.70 0.374 
3 36.45 13.55 0.271 
4.1 44.90 5.10 0.102 
5.2 48.0 2.0 0.04 
6.3 48.0 2.0 0.04 
7 48.0 2.0 0.04 
8.5 48.0 2.0 0.04 
Effect of Initial Cr (VI) Concentration on Fraction adsorbed 
Adsorbent 
Adsorbent dose 
pH 
Contact time 
Size of adsorbent 
Temperature 
Raw bagasse 
10.0 g/1 
1.5 
2.5hr 
150 micron 
30° C 
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Initial Cr(VI) Conc. Of Cr(VI) after Conc. Of Cr(VI) Friction 
conc. before Adsorption, mg/1 Adsorbed, mg/1 adsorbed 
adsorption, (Ce) (Ci-Ce) [(Ci-Ce)/Ci] 
(mg/1) 
5.0 0 5.0 1.0 
10 0 10 1.0 
20 0.84 19.16 .958 
30 1.98 28.02 0.934 
40 2.88 37.12 0.928 
50 4.65 45.35 0.907 
60 13.2 46.8 0.780 
70 16.1 53.9 0.770 
80 20.1 59.9 0.757 
90 29.44 60.56 0.757 
100 24.3 75.7 0.757 
Effect of Contact time and Particle size on Fraction adsorbed 
Size of adsorbent 300 micron 
Adsorbent dose 10.0 g/1 
Adsorbent Raw bagasse 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 
pH 1.5 
30° C 
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Contact 
time (hr) 
Cone, of Cr(VI) after 
Adsorption, mg/l 
(Ce) 
Cone, of Cr(VI) 
Adsorbed, mg/l 
(Ci-Ce) 
Friction 
adsorbed 
[(Ci-Ce)/Ci] 
0.5 36.0 14.0 0.28 
1.0 27.8 22.2 0.444 
1.5 22.45 27.55 0.551 
2.0 18.75 31.25 0.625 
2.5 15.45 34.55 0.691 
3.0 15.0 35.0 0.700 
3.5 15.0 35.0 0.70 
Size of adsorbent 150 micron 
Adsorbent dose 10.0 g/1 
Adsorbent Raw bagasse 
Initial Cr Conc.(Ci) SOmg/l 
Temperature 
pH 1.5 
30° C 
Contact 
time (hr) 
Cone, of Cr(VI) after 
Adsorption, mg/l 
(Ce) 
Cone, of Cr(VI) 
Adsorbed, mg/l 
(Ci-Ce) 
Friction 
adsorbed 
[(Ci-Ce)/Ci] 
0.5 31.95 18.05 0.361 
1.0 22.4 27.6 0.552 
1.5 13.85 36.15 0.752 
2.0 8.85 41.15 0.823 
2.5 4.45 45.55 0.911 
3.0 4.25 45.75 0.915 
3.5 4.25 45.75 0.915 
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Size of adsorbent 75 micron 
Adsorbent dose 10.0 g/1 
Adsorbent Raw bagasse 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 
pH 1.5 
30° C 
Contact Cone, of Cr(VI) after Cone. Of Cr(VI) Friction 
time (lir) Adsorption, mg/l Adsorbed, mg/l adsorbed 
(Ce) (Ci-Ce) [(Ci-Ce)/Cil 
0.5 28.75 21.25 0.425 
1.0 18.10 31.9 0.638 
1.5 9.25 40.75 0.815 
2.0 4.825 45.175 0.903 
2.5 3.25 46.75 0.935 
3.0 3.25 46.75 0.935 
3.5 3.25 46.75 0.935 
Effect of Contact time and Temperature on Fraction adsorbed 
Temperature 30" C 
Adsorbent dose 10.0 g/1 
Adsorbent Raw bagasse 
Initial Cr Conc.(Ci) 50mg/l 
Size of adsorbent 150 micron 
pH 1.5 
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Contact Cone, of Cr(VI) Cone, of Amount Friction 
time (hr) after Cr(VI) adsorbed adsorbed 
Adsorption, mg/l Adsorbed, Qe = x/m (mg/g) [(Ci-Ce)/Ci] 
(Ce) mg/l 
(Ci-Ce) 
0.5 31.95 18.05 1.8 0.361 
1.0 22.4 27.6 3.02 0.552 
1.5 13.85 36.15 3.7 0.752 
2.0 8.85 41.15 4.195 0.823 
2.5 4.45 45.55 4.50 0.911 
3.0 4.25 45.75 4.57 0.915 
3.5 4.25 45.75 4.57 0.915 
Temperature 40" C 
Adsorbent dose 10.0 g/1 
Adsorbent Raw bagasse 
Initial Cr Conc.(Ci) 50mg/l 
Size of adsorbent 150 micron 
pH 1.5 
Contact Cone, of Cr(VI) Cone, of Amount Friction 
time (hr) after Cr(VI) adsorbed adsorbed 
Adsorption, mg/l Adsorbed, Qe = x/m (mg/g) [(Ci-Ce)/Ci] 
(Ce) mg/l 
(Ci-Ce) 
0.5 34.6 15.4 1.54 0.308 
1.0 24.95 25.05 2.505 0.50 
1.5 17.6 32.4 3.24 0.648 
2.0 12.52 37.45 3.745 0.749 
2.5 9.20 40.8 4.08 0.816 
3.0 8.0 42.0 4.20 0.84 
3.5 8.0 42.0 4.20 0.84 
196 
Temperature 50" C 
Adsorbent dose 
Adsorbent 
Initial Cr Conc.(Ci) 
Size of adsorbent 
PH 
10.0 g/l 
Raw bagasse 
50mg/l 
150 micron 
1.5 
Contact Cone, of Cr(VI) Cone, of Amount Friction 
time (hr) after Cr(VI) adsorbed adsorbed 
Adsorption, mg/l Adsorbed, Qe = x/m (mg/g) [(Ci-Ce)/Ci] 
(Ce) mg/l 
(Ci-Ce) 
0.5 38.4 11.6 1.16 0.232 
1.0 29.40 20.60 2.06 0.412 
1.5 22.80 27.20 2.72 0.544 
2.0 17.14 32.86 3.286 0.657 
2.5 13.54 36.46 3.64 0.729 
3.0 13.3 36.7 3.67 0.734 
3.5 13.3 36.7 3.67 0.734 
Freundlich Adsorption Isotherms 
Temperature 30" C 
Weight of Cone. ofCr(VI) Amount of Amount Log Ce Log qe 
the after solute adsorbed 
adsorbent. Adsorption, mg/l adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 31.95 17.98 8.99x10" ^  1.505 -2.046 
4000 22.4 27.29 6.822x10" ' 1.356 -2.166 
6000 13.85 35.95 5.99x10" ' 1.147 -2.222 
8000 8.85 41.15 5.143x10" ' 0.947 -2.288 
10000 4.45 44.97 4.49x10" ' 0.701 -2.347 
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Temperature 50" C 
Weight of Cone, of Cr(VI) Amount of Amount Log Ce Log qe 
the after solute adsorbed 
adsorbent, Adsorption, mg/J adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 34.6 15.4 7.70x10" ' 1.505 -2.113 
4000 24.95 25.05 6.26x10" ' 1.356 -2.203 
6000 17.6 32.4 5.40x10" ' 1.147 -2.267 
8000 12.52 37.45 4.68x10" ' 0.947 -2.329 
10000 9.20 40.8 4.08x10" ' 0.701 -2.389 
Temperature 50° C 
Weight of Cone, of Cr(VI) Amount of Amount Log Ce Log qe 
the after solute adsorbed 
adsorbent. Adsorption, mg/I adsorbed ,mg Qe = x/m 
mg(m) (Ce) (X) (mg/mg) 
2000 38.4 11.6 5.80x10" ' 1.505 -2.236 
4000 29.40 20.60 5.15x10" ' 1.356 -2.288 
6000 22.80 27.20 4.53x10" ' 1.147 -2.343 
8000 17.14 32.86 4.10x10" ' 0.947 -2.386 
10000 13.54 36.46 3.64x10" ' 0.701 -2.438 
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Langmuir Adsorption Isotherms 
Temperature 30" C 
Weight of Cone, of Cr(VI) Amount of Amount 1 1 
the after solute adsorbed x / / m 
Ce 
adsorbent, Adsorption, mg/l adsorbed ,nig Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 31.95 17.98 8.99x10' ' 111.23 0.0312 
4000 22.4 27.29 6.822x10" ' 146.58 0.0440 
6000 13.85 35.95 5.99x10" ' 166.90 0.0711 
8000 8.85 41.15 5.143 xlO" ' 194.41 0.1129 
10000 4.45 44.97 4.49x10" ' 222.32 0.1988 
Temperature 40® C 
Weight of Cone, of Cr(VI) Amount of Amount 1 1 
the after solute adsorbed x / / m Ce 
adsorbent. Adsorption, mg/l adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 34.6 15.4 7.70x10" ' 129.87 0.0289 
4000 24.95 25.05 6.26x10" ' 159.680 0.0400 
6000 17.6 32.4 5.40x10" ' 185.185 0.0568 
8000 12.52 37.45 4.68x10" ' 213.447 0.0798 
10000 9.20 40.8 4.08x10" ' 245.098 0.108 
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Temperature 50" C 
Weight of Cone. ofCr(VI) Amount of Amount 1 1 
the after solute adsorbed x / / m 
Ce 
adsorbent, Adsorption, mg/1 adsorbed ,mg Qe = x/m 
mg (m) (Ce) (X) (mg/mg) 
2000 38.4 11.6 5.80x10" ' 172.413 0.0260 
4000 29.40 20.60 5.15x10- ' 194.174 0.0340 
6000 22.80 27.20 4.53x10" ' 220.588 0.0430 
8000 17.14 32.86 4.10x10" ^  243.45 0.0583 
10000 13.54 36.46 3.64x10" ' 274.27 0.0738 
Kinetics of Adsorption 
Adsorbent dose 10.0 g/1 
Adsorbent Raw bagasse 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 30° C 
Contact Cone, of Cr(VI) Amount of Amount Log (ge - q) 
time (hr) after solute adsorbed 
Adsorption, mg/1 adsorbed Qe = x/m (mg/g) 
(Ce) X(mg) 
0.5 32 18.0 1.80 0.442 
1.0 19.8 30.2 3.02 0.191 
1.5 13.0 37.0 3.70 -0.060 
2.0 8.05 41.95 4.19 -0.420 
2.5 5.0 45.0 4.50 -1.15 
3.0 4.25 45.75 4.57 -
3.5 4.25 45.75 4.57 -
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Thermodynamic Parameters 
Temperature Langmuir Logb 1 
in Kelvin constant T 
303 0.2855 -0.5443 3.3 0x10 ' 
313 0.255 -0.5934 3.19x10 ' 
323 0.244 -0.612 3.09x10 ' 
Inter particle diffusion 
Adsorbent dose 10.0 g/1 
Adsorbent Raw bagasse 
Initial Cr Conc.(Ci) 50mg/l 
Temperature 30® C 
Size of adsorbent 150 micron 
Contact Cone. ofCr(VI) Amount of Amount 41 
time after solute adsorbed (mint) 
(mint) Adsorption, mg/1 adsorbed Qe = x/m (mg/g) 
(Ce) X(mg) 
30 32 18.0 1.80 5.477 
60 19.8 30.2 3.02 7.745 
90 13.0 37.0 3.70 9.486 
120 8.05 41.95 4.19 10.954 
150 5.0 45.0 4.50 12.247 
180 4.25 45.75 4.57 13.416 
210 4.25 45.75 4.57 14.491 
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